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INTRODUCTION 


Methanol (CH,OH) is the lowest member of the series of primary 
saturated aliphatic alcohols. Its biological behaviour is markedly 
different from that of the next homologue, ethanol. Although the 
acute toxicity of methanol is apparently lower than that of 
ethanol, methanol has a specific, highly toxic late effect, i.e., its 
subacute and chronic toxicities are high. Very typical for methanol 
poisoning in man is the transitory or permanent blindness, ambly- 
opia, which already may follow the ingestion of small amounts of 
methanol. Since methanol poisonings are rather usual especially 
during times of war and shortages, considerable attention has 
been devoted to methanol especially in toxicological and clinical 
literature. The significance of methanol, and especially that of its 
metabolites formaldehyde and formic acid, does not, however, seem 
to be confined to the field of toxicology. Certain nutrients, as, for 
instance, fruits, contain much pectin from which methanol is liber- 
ated in the organism. The tremendous advance during recent 
years in our knowledge of the metabolism of the so called one- 
carbon compounds has demonstrated that formaldehyde and for- 
mic acid or their derivatives are of a great significance in normal 
intermediary metabolism. The organism is capable of also using 
methanol for the formation of many important compounds. 

In the following chapter a general survey is given of the liter- 
ature concerning the metabolism of methanol and formaldehyde 
in the animal organism. Clinical and pathological aspects have 
not been discussed and the reader is referred in this respect to 
the monographs and papers of Ror (1943, 1946, 1955) and Ort- 
NER (1955). More detailed surveys of the rapidly expanding liter- 
ature on the metabolism of one-carbon compounds can be found 
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in the reviews of, e.g., WeEtcH and (1952), Canton; 
(1952, 1956), ARNSTEIN (1955) and Bacu (1955). 

It was the object of the experiments described in the present | 
report to study the ability of the animal organism to utilize | 


methanol and formaldehyde metabolically and to investigate | 


various factors associated with these reactions. 
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REVIEW OF THE LITERATURE 


METABOLISM OF METHANOL ‘IN THE ANIMAL 
ORGANISM 


OXIDATION OF METHANOL 


The earliest investigations on the metabolism of methanol in the animal 
organism were made towards the end of the past century by Pout (1893), 
who demonstrated that methanol is converted in the organism to formic 
acid. He found that when methanol was administered to dogs, the urinary 
excretion of formic acid was markedly increased for several days. The 
maximum increase occurred during the second to fourth days after the 
administration of methanol, when the toxic symptoms also were most 
severe. The excretion of formic acid in the urine was found to be increased 
also in humans to whom small amounts of methanol were administered. 
Pout demonstrated further the formation of formic acid from methanol in 
experiments in vitro with dog liver preparations. 

Pout’s results have since been confirmed by several investigators. The 
increased urinary excretion of formic acid after the intake of methanol 
has been found in dogs (BoncErs 1895, Asser 1914, Harrop and BENEDICT 
1920, LEo 1927, Bastrup 1947, and Lunp 1948 b), cats (Rost and Braun 
1926), and humans (AUTENRIETH 1922, KenDAL and RAMANATHAN 1953). 
The determination of the formic acid concentration in the urine in cases 
of suspected methanol poisoning has also been used as a diagnostic aid 
(KLAvER 1938, MULLER 1939). There apparently exist rather great differ- 
ences between different species of animals in the relative amounts of formic 
acid excreted in the urine after the intake of methanol. Although increased 
values have been found in rabbits they have not been present in all cases 
(AssER 1914, Pont 1922, Rost and Braun 1926). In comparison to humans 
and dogs, the increase in the excretion of formic acid by methanol-treated 
rabbits is much lower. Only 4 per cent or less of the administered methanol 
can be recovered from the urine as formic acid in rabbits; in dogs the value 
is 14—20 per cent (Bastrup 1947, Lunp 1948 a, b, c). This difference is 
apparently due to the greater capacity of rabbits to metabolize formic acid 
(Bastrup 1947, Lunp 1948 a, b). 
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These findings have clearly demonstrated that methanol is at least 
partly converted to formic acid in the organism. The most simple and 
natural mechanism for this conversion is, of course, oxidation, with formal- 


dehyde as intermediate. Already Pout (1893) tried to demonstrate formal. | 


dehyde in the urine and tissues of dogs poisoned with methanol, but with 
negative results. Despite several attempts to detect formaldehyde in cases 
of methanol poisoning, it was not until 1931 that this was successful for 
the first time. Kegser (1931 a) then demonstrated by qualitative tests 
the presence of formaldehyde in the cerebrospinal fluid, vitreous humour 
of the eye and peritoneal fluid of rabbits which had been poisoned with 
methanol. 

Only very few studies have been made on the formation of formaldehyde 


— 


from methanol in vitro. A positive qualitative test for formaldehyde was | 


obtained when fresh vitreous humour of the ox was incubated with methanol 
(KEESER 1931 b). In further experiments Keeser and VincKE (1940) and 
HELLwic (1940) demonstrated qualitatively the formation of formaldehyde 
during the incubation of methanol with ground horse liver. 

Formaldehyde has also been detected as its dimedone derivative in rat 
liver homogenates incubated with methanol (Mackenzie 1950). The 
enzyme system responsible for the conversion of methanol to formal- 
dehyde is located in the supernatant fraction of the rat liver homogenate 
and no activity has been found in the sediment fraction (MACKENZzIE, 
JoHNSTON and FRISELL 1952, 1953). 

The oxidation of carbon-labelled methanol to carbon dioxide in the 
intact rat occurs at a constant rate of 25 mg per kg per hour (BARTLETT 
1950 a). In similar experiments it had been shown earlier that ethanol is 
oxidized at a constant rate of 175 mg per kg per hour (Bartiert and 
Barnet 1949). Ethanol is thus oxidized seven times as rapidly as 
methanol. This constant rate indicates that the oxidation to carbon dioxide 
in the rat is not dependent to any great degree on the blood alcohol level. 
Of the ingested methanol 60 per cent was directly oxidized to carbon 
dioxide, 14 per cent was eliminated unchanged in the expired air, and 3 per 
cent was recovered as such in the urine. The elimination of unchanged 
methanol in the expired air was dependent on the blood methanol con- 
centration. The tissues were able to fix appreciable quantities of methanol 
carbon. Most active in this respect were the liver, kidney and intestine. 
A constant rate of methanol oxidation to carbon dioxide has also been 
found in mice, in which the oxidation rate was one and a half times that 
in rat, i.e., 37 mg per kg per hour (HEveEsy 1953). 

Methanol is oxidized to carbon dioxide also in rat tissue slices (BARTLETT 
1950 a). Liver slices were most active, and the relative capacities of other 
tissues were: liver, 100; kidney, 34; intestine, 8; heart, 1; diaphragm, 1; 
brain, 0. Considerable amounts of methanol carbon were fixed in the slices, 
this being in the liver 25 per cent of the amount oxidized to carbon dioxide. 


Our knowledge of the enzymic details of the oxidation of the methanol 


10 


to forme 
animal 0 
formalde 

Aleohe 


This enz 
are the 
hydroge 
STERN ( 
on dipl 
A slight 
found | 
prepara 
precipit 
Cryst 
NEGELI 
exhibit 
other s 
Anim 
from h 
The liv 
it cont 
WULFF 
has a 
enzym¢ 
NICHSE 
which 
and W 
hydrog 
ethano 
DPN/I 
has be 
(BONN 
alcoho 


tensiv 


to the 


! 

measu 

Th 

| of live 

| quite 

| essen 

| and E 

T 

| 


to formaldehyde is very meagre. Two enzymes are known to exist in the 
animal organism which may be implicated in the oxidation of methanol to 
formaldehyde in vivo, namely alcohol dehydrogenase and catalase. 

Alcohol dehydrogenase catalyses the following reaction: 


ethanol + DPN 2 acetaldehyde + DPNH + H+ 


This enzyme is widely distributed in plant and animal tissues. Best known 
are the enzymes from yeast and horse liver. The first soluble alcohol de- 
hydrogenase preparation from animal tissues was obtained by BatTeui and 
Srern (1909, 1910 a, b). The dependence of animal alcohol dehydrogenase 
on diphosphopyridine nucleotide was demonstrated by QuiBELL (1938). 
A slight activity also in the presence of triphosphopyridine nucleotide was 
found later (PuLLMAN, CoLowick and Kap.ian 1952). Partially purified 
preparations have been obtained from horse liver by water extraction and 
precipitation with acetone (LUTWAK-MANN 1938). 

Crystalline alcohol dehydrogenase was first prepared from yeast by 
NeceLein and Wutrr (1936, 1937). It is a typical sulphydryl enzyme 
exhibiting marked sensitivity toward iodoacetate (e.g., Dixon 1937) and 
other sulphydryl reagents (BARRoN and SINGER 1945). 

Animal alcohol dehydrogenase has been isolated in crystalline form 
from horse liver (BONNICHSEN and WassEN 1948, BONNICHSEN 1950). 
The liver enzyme is in many respects different from the yeast enzyme: 
it contains less aromatic amino acids (BONNICHSEN 1950, NEGELEIN and 
Wutrr 1937), is not inhibited by iodoacetate (LuTwAK-MANN 1938), and 
has a broader substrate specificity. The molecular weight of the liver 
enzyme is lower than that of the yeast enzyme (THEORELL and Bon- 
NICHSEN 1951). The liver enzyme oxidizes also vitamin A to retinene, 
which may also be of physiological significance (Biiss 1951, HuBBARD 
and Wap 1951). The activity of the crystalline horse liver alcohol de- 
hydrogenase is remarkably low, the maximal turnover number when 
ethanol is used as substrate having been reported to be only 140 mol. 
DPN/mol. ADH x min. (THEoRELL and Bonnicusen 1951). Horse liver 
has been found to contain as much as 0.1 per cent alcohol dehydrogenase 
(BonnicHSEN 1950). Purified preparations from rat liver had only a slight 
alcohol dehydrogenase activity and those from guinea pig liver had no 
measurable activity (NyBerG, and AneGArD 1953). 

The kinetics of the horse liver alcohol dehydrogenase have been ex- 
tensively studied by TuEorELL and his associates. The enzymic kinetics 
of liver alcohol dehydrogenase have been found to correspond very well 
to the rectilinear course of the oxidation of ethanol in vivo, and there is 
quite convincing evidence that alcohol dehydrogenase is the enzyme 
essentially responsible for the physiological oxidation of ethanol] (THEORELL 
and BonNICHSEN-1951). 

The oxidation of methanol by liver alcohol dehydrogenase, on the other 
hand, is not yet settled. Of the earlier authors, Pont (1893) and Batre ui 
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and STERN (1910 a, b) already found that liver preparations were able to | 


oxidize methanol to formic acid. The oxidation of methanol was found | 


to be more labile than the oxidation of ethanol by the same preparations 
(BatTeii and Stern 1910 a, b). The more purified alcohol dehydrogenase 


preparations of Lutwak-Mann (1938) from horse liver also oxidized meth. 
anol, although very slowly. Zatman (1946) used similar preparations and | 


found methanol to be oxidized at one-ninth of the rate of ethanol oxidation 
in the presence of diphosphopyridine nucleotide. The crystalline horse 
liver alcohol dehydrogenase does not, however, react with methanol 
and diphosphopyridine nucleotide to any measurable extent (BoNNICHSEN 
and THEORELL 1951, THEORELL and Bonnicusen 1951). It has been 
demonstrated, however, that the same enzyme preparation catalyses the 
reverse reaction, namely the reaction of formaldehyde with reduced diphos- 
phopyridine nucleotide. This reaction, however, is much slower than the 


corresponding reaction of alcohol dehydrogenase with acetaldehyde and | 


reduced diphosphopyridine nucleotide (THEoRELL and CHANCE 1954). 
As a possible explanation for the failure of the crystalline enzyme to oxidize 
methanol THEoRELL and BonnicuseEn suggested (1951) that the oxidation 
of methanol may require some additional catalyst besides alcohol de- 
hydrogenase and diphosphopyridine nucleotide. Yeast alcohol dehydro- 
genase in high concentrations is capable of oxidizing methanol, although 
slowly (Barron and Levine 1952). 

KeiLt1in and Hartree (1936, 1945) have demonstrated that catalase 
can oxidize ethanol and methanol in in vitro systems which consist in 
a primary oxidizing system generating hydrogen peroxide, and in alcohol 
and catalase. The hydrogen peroxide formed reactswith the alcohol, oxidiz- 
ing it to the corresponding aldehyde. The latter reaction is catalyzed by 
the catalase, which functions peroxidatically in these »coupled oxidations». 

The primary oxidizing system is formed by oxidizing enzymes such as 
xanthine oxidase, uricase, d-amino acid oxidase, tyraminase, glucose 
oxidase and others, which catalyse the oxidation of their respective sub- 
strates by molecular oxygen, reducing the latter to hydrogen peroxide. 

Since the discovery of catalase it has been held that the main function 
of catalase is protective and consists in the decomposition of hydrogen 
peroxide into oxygen and water according to the equation 


2 H,O, 72 H,O +0, 


However, Keitin and Hartree (1945) consider the aforementioned 
coupled oxidations a more likely biological function of catalase. 

In a system composed of xanthine oxidase, aldehyde, catalase and 
alcohol, the hydrogen peroxide formed in the primary oxidation of aldehyde 
to acid is utilized by catalase for the oxidation of alcohol to aldehyde 
(Keitin and Hartree 1945). Thus the product of the seeondary oxidation 
supplies the substrate for the primary oxidation system and this »cyclic 
oxidation» reaction will proceed as long as alcohol is present and the en- 
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zymes are active. The reactions in the case of methanol and formaldehyde 
can be written as follows: 


HCHO + H,O + 0, ~ HCOOH + H,0, 
H,O, + GH,OH > HCHO + 2 H,O 


CuancE (1947) has demonstrated that catalase forms very rapidly an 
intermediate compound in the presence of hydrogen peroxide and this 
intermediate compound then reacts with ethanol or methanol, yielding 
the corresponding aldehyde. He has calculated that the peroxidatic activity 
of the intermediate catalase-hydrogen peroxide compound is adequate to 
account for the results of the experiments of AGNER and BELFRAGE (1947) 
on the kinetics of the disappearance of methanol from the blood in rabbits. 
He suggested, therefore, that the oxidation of methanol in vivo may be 
ascribed to the peroxidatic functioning of catalase. 

JACOBSEN (1952 a, b) also considered catalase a very possible mechanism 
for the oxidation of methanol in vivo. The réle of catalase in the oxidation 
of ethanol, on the other hand, cannot be great, for the enzymic kinetics 
of catalase action (CHANCE 1947) are not compatible with the rectilinear 
elimination of ethanol from blood. It has been suggested, however, that 
the deviations from rectilinearity in the blood ethanol elimination curves 
which have been found by some authors may be due to the participation 
of catalase in addition to alcohol dehydrogenase in the oxidation of ethanol 
(JACOBSEN 1952 a, b). The aforementioned results of THEoRELL and Bon- 
NICHSEN (1951) which show no methanol activity for crystalline horse liver 
alcohol dehydrogenase also support the possible participation of catalase 
in the oxidation of methanol in vivo. 

Despite the above evidence which speaks for the oxidation of methanol 
in vivo by catalase, there are also many opposite observations. The in- 
hibitory effect of ethanol on the oxidation of methanol, which has been 
observed both in vivo and in gitro (cf. page 17), is not likely in the 
case of catalase unless ethanol inhibits the primary oxidation systems 
which in vivo provide the catalase with hydrogen peroxide (CHANCE 1947). 
The different oxidation rates of methanol and ethanol in vivo have also 
been presented as evidence against catalase (BARTLETT 1952). In the 
in vitro systems the rates of reaction of catalase with ethanol and methanol 
have been of the same magnitude (Keitin and HarTrREE 1945, CHANCE 
1947), and in view of the similar tissue penetrability of these two alcohols 
they should both be oxidized at the same rate also in vivo by catalase. 
A skeptical view towards the oxidation of alcohols by catalase in vivo 
has been taken also by LempBerc and Lecce (1949) and Kenpat and 
RAMANATHAN (1953). 

The following step in the oxidation of methanol is the oxidation of formal- 
dehyde to formic acid, which will be discussed in the following section. 

The enzymic details of the oxidation of formic acid to carbon dioxide are 
also rather poorly known. Formate is readily metabolized in the intact 
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animal (e.g., WEINHOUSE and FRIEDMANN 1952) as well as in homogenates 


of various tissues (NAKADA and WEINHOUSE 1953). MATTHEWS and VENngs- | 


LAND (1950) demonstrated in rat liver the presence of an adenosine tri- 


phosphate-dependent formicodehydrogenase, which oxidizes formic acid 


to carbon dioxide and water. Formate can also be oxidized in vitro by 
a catalase-hydrogen peroxide complex (CHANcE 1949, 1950). Naxapa 
and WEINHOUSE (1953) presented evidence that the oxidation of formate 
in vivo was due to catalase and suggested that the above mentioned formi- 
codehydrogenase was actually a coupled oxidation phenomenon resulting 
from the combined action of xanthine dehydrogenase and catalase. 


METHANOL AS A SOURCE OF LABILE METHYL GROUPS 


The present concept of transmethylation reactions is largely based on 
the work of Du Vicneaup and his associates, although the existence of 
some transmethylation reactions was known already earlier (cf. CHALLEN- 
GER and Hiccinpottom 1935). Nutritional experiments with rats dem- 
onstrated that to sustain growth the diet must contain compounds which 
can act as labile methyl group donors. It was concluded that the organism 
cannot synthetize methyl groups (Du VigNEAup, CHANDLER, Moyer 
and KeppeL 1939). However, some animals were able exceptionally to 
sustain growth without exogenous labile methyl groups and it has later 
been shown that in the presence of sufficient amounts of folic acid and 
vitamin B,, the organism is capable of forming labile methyl groups de 
novo from precursors like formate and formaldehyde or from compounds 
which in the metabolism give rise to formate or formaldehyde (e.g., Ben- 
NETT 1949, 1950, Sakamr and Wetcu 1950, Du VicNEAuD, Ress.er, 
RacHELE, Reymirs and Luckey 1951). For a detailed discussion of the 
metabolic reactions of one-carbon compounds the reader is referred to 
the several recent reviews by, e.g., and Nicnow (1952), Cantoni 
(1952, 1956), ARNSTEIN (1955), Bacu (1955) and others. 

Du VicgNEAup and VERLy (1950) and ArNsTEIN (1950 a, b) demonstrated 
in isotopic. tracer experiments in vivo that methanol can be utilized by 
the rat in the formation of biologically labile methyl groups. In earlier 
nutritional experiments methanol had failed to support the growth of 
rats on a diet which was free of biologically labile methyl groups and which 
contained homocystine (Du VicNEaup et al. 1939). The methyl group of 
methanol is apparently not utilized at least to any great extent directly 
in transmethylation reactions (Du VicgNEAuD, VERLY, WiLson, RACHELE, 
Ress.er and Kinney 1951). This was demonstrated in experiments where 
rats were administered methanol which was doubly labelled with isotopic 
carbon and deuterium in the methyl group. The ratio D:C in the methyl 
groups of choline isolated from the carcass was found to be lower than in 
the administered methanol; this indicated oxidation and subsequent 
reduction to the labile methyl group in the biosynthesis of the latter. In 
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transmethylation reactions the methyl group is transferred with its three 
hydrogen atoms (KELLER, and Du ViGNEAuD 1949). 

Folic acid and vitamin B,, are apparently both necessary in these 
reactions of methanol, which is well in accordance with the recent concept 
of the functions of these factors in the metabolism of one-carbon com- 
pounds. It is generally regarded that folic acid functions both in trans- 
methylation and in methyl group synthesis de novo, and vitamin B,, only 
in the latter (cf. ARNSTEIN 1955). 

Folic acid has been found to increase the incorporation of Ci from 
methanol into the choline methyl groups in rats which were deficient in 
folic acid (VERLY, Kinney, and Du VicNeAup 1952, Verty, WILsoN, 
Kinney and Racnwere 1954, Verty and Carney 1955). Also the folic 
acid-derivative leucovorin (synthetic citrovorum factor, 5-formyl- 5: 6: 7: 8- 
tetrahydropteroylglutamic acid) is active in this respect (VERLY et al. 
1952). On the other hand, the impairment in creatine metabolism in folic 
acid-deficient mice has been reported to be partially restored by the ad- 
ministration of methanol, which speaks against the direct participation 
of folic acid in the methyl group synthesis from administered methanol 
(FATTERPAKER, MARFATIA and SrEENIVASAN 1952). Rats which were 
deficient in vitamin B,, incorporated Jess isotope trom methanol into the 
choline methyl groups than the control rats to which was given vitamin B,, 
(Verty and Catuey 1955). If the rats were deficient in both vitamin B,, 
and folic acid this incorporation was less than in rats which were deficient 


only in vitamin By». 


ELIMINATION OF METHANOL FROM BLoopD 


Although numerous studies have been carried out concerning the elimina- 
tion of ethanol from the blood, only few similar studies have been made 
with methanol, and the results, furthermore, are rather conflicting. 

Nictoux and Priacet (1912) studied the elimination of methanol in 
dogs and rabbits after peroral administration. In the experiments with 
dogs the doses were 3 and 5 ml of methanol per kg. Traces of methanol 
were still present in the blood after 120 and 102 hours, respectively. 
The elimination rate from blood was in dogs 0.0005—0.0008 mg per ml 
per minute. When 5 ml of methanol per kg was given to a rabbit the blood 
was free from methanol after 52 hours, and the elimination rate was 
0.0012 mg per ml per minute. The elimination curves were practically 
linear both in dogs and rabbits. Less methanol was recovered from the 
urine and from the air in the metabolic chamber in the experiments with 
rabbits than in those with dogs, which together with the greater elimina- 
tion rate from blood may be taken as an indication of greater capacity of 
rabbits to metabolize methanol. 

Several studies have been made using WipMARK’s (1922) method for 
blood ethanol determination as adapted by Bitpsten for the determination 
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of methanol (BitpsTEN 1924). The elimination of intravenously administered 
methanol from the blood of rabbits was studied by Bitpsten (1924) and 
WipMarRK and BiLpsTEN (1924). The blood methanol concentration curves 
were determined in six rabbits given about 0.8 g methanol per kg. The 
elimination rate varied from 0.00057 to 0.00117 mg per g per minute, aver. 
aging 0.00076. In these experiments the elimination of methanol from the 
blood occurred at a constant rate which was not dependent on the con- 
centration of methanol in the blood. In nearly all of the elimination curves 
there was found a temporary increase in the methanol concentration 4—6 
hours after the administration. The cause of this increase is not known. 
BILDsTEN (1924) regarded it as quite possible that this increase could be 
ascribed to some substance other than methanol, which accumulated 
temporarily during the metabolism of methanol and was determined as 
methanol by the dichromate method used. BERNHARD and GoLpDBERG 
(1933) administered to rabbits 0.56 to 2.10 g methanol per kg intravenously. 
The normal elimination rate was found to be on an average 0.00067 mg 
per g per minute. In general the elimination curves were linear and the 
temporary increase 4—6 hours after administration was seen in most 
curves. The elimination rate was found to vary considerably in the same 
animal at different times. When the ventilation rate of the rabbits was 
increased to about 2—3-fold by administration of carbon dioxide, the 
elimination rate of methanol increased on an average by 27 per cent. 
The elimination rate of methanol in dogs was studied by Neymark (1936) 
and Neymark and Wipmark (1936) and was found to be 0.00018 mg per g 
per minute and independent of the dosage. The temporary increase seen 
in the experiments with rabbits was not noted in these elimination curves. 

Haccarp and GREENBERG (1939), differing from the above, concluded 
that in rats and dogs the rate of elimination is proportional to the con- 
centration of methanol in the body. In their opinion most of the ingested 
methanol is excreted in the expired air as a result of simple diffusion and 
therefore the elimination rate is directly proportional to the concentration 
of methanol in the blood, and the blood concentration curve is consequently 
exponential. In experiments with rats, they recovered in the expired air 
an average of 76 per cent of the methanol which had disappeared from the 
body. However, only 6 per cent of the total dose had been eliminated 
during the experiment. Carbon dioxide and 2: 4-dinitrophenol increased 
the elimination of methanol presumably by increasing pulmonary ventila- 
tion. Exponential methanol elimination curves for dogs were also presented 
by these authors. 

The elimination rate of methanol from blood was correlated to the blood 
concentration of methanol also in the experiments with rabbits conducted 
by Acner and BetFraGe (1947). The methanol determinations were made 
by the specific chromotropic acid method. Methanol was given both orally 
and intravenously in doses of 1.7 to 2.2 g per kg. At a blood methanol 
concentration higher than about 1 mg per ml the rate of elimination was 
about 0.0017 mg per ml per minute, and at lower concentrations about 
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0.0006 mg per ml per minute. The temporary increase in the blood methanol 
concentration seen in the experiments of BitpsteN (1924), WiDMARK 
and BitpsTeNn (1924) and Bernuarp and GotpBerc (1933) was not found. 

The elimination of small amounts of methanol has also been studied in 
human subjects (Lear and ZaTMAN 1952). The decline in the concentration 
of methanol in the body was determined in these experiments by following 
the concentration of methanol in the urine. The reliability of this pro- 
cedure was confirmed by experiments with cats and human subjects, in 
which a constant ratio was found between the methanol concentration in 
the blood and that in the contemporaneously secreted urine. Variable 
doses of 2.5—7.0 ml methanol were employed. The rate of elimination was 
at all times found to be proportional to the concentration of methanol in 
the body. Only a very small fraction of the ingested methanol — about 
2 per cent — was eliminated as such by the respiratory and urinary routes. 


EFFECT OF ETHANOL ON THE METABOLISM OF METHANOL 


The effect of ethanol on the metabolism of methanol has in addition to 
its theoretical significance also a considerable clinical and toxicological 
importance since most persons who drink methanol consume it with ethanol, 
as in various denaturated spirits. Ethanol has also been used in the therapy 
of methanol poisoning. 

Most statements in the older clinical literature concerning the effect 
of ethanol on methanol poisoning are purely speculative. Most of the 
authors were of the opinion that ethanol increases the toxicity of methanol 
(Birncer 1912, GeTrLer and Georce 1912, Foerster 1912, PANTALEONI 
1927, Neminc, GoLDENBERG and BLANK 1932); however, already early 
in the present century ethanol was also advocated as stimulant in the 
therapy of methanol poisoning (Woop and Butter 1904). 

In extensive clinical studies Roz (1943, 1946) observed that in certain 
cases of methanol poisoning in which ethanol also had been consumed the 
poisoning was less severe than when only methanol was ingested and he 
regarded the principal cause of the great tolerance to methanol shown by 
some individuals to be the consumption of ethanol just before or during 
the methanol poisoning. In cases of uncomplicated methanol poisoning 
it was never noted that a person drinking less methanol than a companion 
suffered more severely than the latter, as might be expected to happen if 
individual predisposition were a factor of decisive importance, as was the 
opinion earlier. Ethanol, when drunk at the same time as methanol, seemed 
to prolong the latent period by the same interval as that required for the 
oxidation of ethanol. Ethanol taken after methanol but before the onset 
of symptoms was able to prolong the latent period by a longer interval 
than that required for its oxidation, and severe symptoms also quickly 
vanished after the consumption of ethanol late in the course of the poison- 
ing. Roe explains the effect of ethanol by its greater surface activity, 
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which enables it to prevent the adsorption of methanol to the oxidative 


enzymes and consequently its conversion to formic acid. On the basis of | 


these observations he also advocates the use of ethanol in addition to 
bicarbonate in the therapy of methanol poisoning. 


OrTHNER (1950) takes an entirely opposite standpoint in regard to the | 


effect of ethanol. He states that ethanol taken simultaneously with meth- | 


anol dilates the blood vessels and raises the permeability, thus increasing 
the special toxic effects of the metabolic products of methanol. 

In white mice the median lethal dose (LD,;.) for a single intraperitoneal 
injection of methanol is significantly decreased by ethanol (GiLcEr, Ports 
and Jounson 1952). Similar results have also been obtained in experiments 
with guinea pigs (MoEscHiin and Garson 1955). However, these ex- 
periments have dealt mainly with the acute toxicity of methanol, which 
is due to its narcotic effects and is much smaller than that of ethanol. 

According to von FELLENBERG (1917), the low urinary excretion of 
methanol found after pectin-rich food is considerably increased when 
ethanol is also consumed. He suggested that the oxidation of methanol 
becomes more difficult when the organism must simultaneously oxidize 
large amounts of ethanol. 

Asser (1914) found in experiments on dogs and rabbits that when he 
gave ethanol simultaneously with methanol the increased excretion of 
formic acid in the urine decreased appreciably. Acetone and amy] alcohol 
had a similar effect. As the most appropriate explanation he considered 
the possible increase in the oxidation of the formic acid due to an increased 
permeability of the cells. This decrease in the urinary excretion of formic 
acid after the simultaneous intake of ethanol and methanol has since been 
confirmed in experiments with dogs and rabbits (Bastrup 1947) as well 
as in man (KenpAL and RAMANATHAN 1953). In the latter it was found 
that when the dosage of methanol was 4 ml, about 10 ml of ethanol per 
hour were required to suppress totally the increased urinary excretion of 
formic acid. 

Human experiments were also conducted by Lear and ZatmAn (1952). 
In these experiments ethanol was taken at various times during the elim- 
ination of a fixed dose, 4 ml, of methanol. A single dose of 15 ml ethanol 
taken simultaneously caused a marked elevation in the peak concentration 
of methanol attained in the urine. When ethanol was taken after methanol 
it effectively arrested the decline in the urinary methanol concentration. 
After about two hours the decline occurred at the original rate. In all of their 
experiments it was seen that when ethanol was administered during the 
elimination of methanol, the decline in the methanol concentration in the 
urine was very slow. The reason for this effect of ethanol the authors 
consider to be an inhibition of the oxidation of methanol by alcohol de- 
hydrogenase. 

The oxidation of isotope-labelled methanol to carbon dioxide in rats 
in vivo is strongly inhibited by the simultaneous administration of ethanol 
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(BARTLETT 1950 b). When a sufficient amount of ethanol was given the 
oxidation of methanol ceased totally, and after the apparent oxidation of 
ethanol that of methanol continued at the same rate as before the ad- 
ministration of ethanol. The inhibitory action of ethanol on the metabolism 
of methanol was apparent also in the experiments of AGNER and BELFRAGE 
(1946), in which they administered simultaneously methanol and ethanol 
to two rabbits. The elimination of methanol from blood was distinctly 
retarded by ethanol. 

We have very little knowledge of the effects of ethanol] on the metabolism 
of methanol in in gitro systems. ZATMAN (1946) mentioned in a brief note 
the results of experiments on the effect of ethanol on the oxidation of 
methanol by the crude alcohol dehydrogenase from horse liver prepared 
according to LurwakK-MANNn (1938). This preparation was found to oxidize 
methanol at about one-ninth of the rate for the oxidation of ethanol. 
When mixtures of methanol and ethanol were used as substrate the oxida- 
tion of methanol was inhibited by ethanol, as judged from the decreased 
amount of formaldehyde formed. When the alcohols were present in equi- 
molar amounts no formaldehyde was formed and the inhibition was still 
distinct when the molar ratio of ethanol and methanol was only 
1:16. 

Added ethanol depressed the oxidation of isotope-labelled methanol by 
rat liver slices as a linear function of the logarithm of the ethanol con- 
centration (BARTLETT 1950 b). In these experiments a 72 per cent inhibi- 
tion of the carbon dioxide formation from methanol was obtained when 
both ethanol and methanol were present in a concentration of 0.01 M. 


PATHOGENESIS OF METHANOL POISONING 


Since the end of the past century, when the first cases of human methanol 
poisoning were described, the cause of the specific toxicity of methanol 
has been much debated. Although many different hypotheses, some purely 
speculative and others based on clinical or experimental observations, have 
been presented, we do not as yet exactly know how the specific toxic action 
of methanol] is brought about. 

It was earlier a rather generally accepted opinion that methanol itself 
is not very toxic and that the toxicity depends on various impurities in 
the methanol (fusel oil) (STADELMANN and Macnus-Levy 1912, IcErs- 
HEIMER and VerzAr 1913, Rostept 1922, HAMALAINEN and TERASKELI 
1928, and others). This theory, however, had to be abandoned since it was 
repeatedly shown that also chemically pure, synthetically produced meth- 
anol was the cause of numerous poisonings (e.g., Reir 1923, ALDER, 
Buscuke and GorponorrF 1938). The acute toxicity of methanol is lower 
than that of ethanol, and the so called Ricuarpson’s law that the toxicity of 
alcohols increases in the homologous series in the ratio 1: 3: 3%.. was 
shown to be valid also in the case of methanol and ethanol (FUHNER 1905, 
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WEEsSE 1926). However, some authors have considered methanol as such 
to be responsible for its specific toxicity (Retr 1926, Dinstace and Winp- 
HAUSEN 1926). Already Pout (1893) had shown that administered methanol 
remains in the organism for a long time and this cumulation was regarded 
as the basis of the toxicity by, e.g., Simon (1933) and Eee (1926). 

Already quite early the oxidation products of methanol, — formal- 
dehyde and formic acid — were held as responsible for its toxicity. 
Pout (1893) had demonstrated that the administration of methanol in- 
creased the urinary excretion of formic acid, and many authors attributed 
the poisoning to formic acid (e.g., HARNACK 1912, LEo 1925). Still more 
ascribed it to formaldehyde (RaBinowiTcH 1922, Brickner 1924, and 
others) although attempts to demonstrate formaldehyde in blood, urine 
and tissues in cases of methanol poisoning had been unsuccessful (e.g. 
Pout 1893, GeTTLER and Georce 1918). The great reactivity of formal- 
dehyde was regarded as the reason for this failure to demonstrate it. The 
occurrence of formaldehyde in the organism in methanol poisoning was 
demonstrated for the first time by KEEser (1931a). He obtained positive 
tests for formaldehyde in the cerebrospinal fluid, vitreous humour of the 
eye and peritoneal fluid of rabbits which were poisoned with methanol. 
Most of the later authors were also of the opinion that the specific toxicity 
of methanol is due to the slow formation of formaldehyde inside the cells 
(FLury and 1936, Harte 1949, OrtHNER 1950). The combination 
of formic acid with the iron in haemoglobin and in oxidative enzymes of 
the cells, and the consequent hypoxia are according to Rog (1943, 1946, 
1955) the primary factors in the toxicity of methanol in man. KeEnpDAL 
and RAMANATHAN (1953) suggested the possibility that after primary 
conversion of part of the methanol into formaldehyde a secondary con- 
version of the latter into methyl formate may occur by a semiacetal 
dehydrogenase mechanism which they had observed in vitro. The pref- 
erential fat-solubility of the ester would then result in the localization 
and specific effects of methanol poisoning. 

The acidosis which is repeatedly observed in human cases of methanol 
poisoning apparently plays an important rdle in the development of the 
typical manifestations of the poisoning (HARRop and Benepict 1920, 
RaBINOWITCH 1922, Roz 1943, 1946). In experimental animals only slight 
acidosis has been observed (HaskeLL, HILLEMAN and GARDNER 1921, 
Loewy and Minzer 1923, Leo 1925). This acidosis has often been regarded 
as directly due to formic acid but the amounts of formic acid formed are not 
sufficient to account for the marked diminution of the blood alkali reserve 
often seen (Ecce 1927, Roe 1946). A considerable increase has been 
observed in lactic acid in the blood (Roe 1946) and the urine (Harrop 
and Benepict 1920) and this may in part be responsible for the acidosis. 
The methylenation of amino groups in amino acids and proteins has also 
been suggested as a factor in the development of the acidosis (RABINOWITCH 
1922, OnTHNER 1950). 
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METABOLISM OF FORMALDEHYDE IN THE ANIMAL 
ORGANISM 


The occurrence of formaldehyde as a normal metabolite in the animal 
organism was denied for a long time and only a toxicological réle was 
given to it. During the past few years, however, when our knowledge of 
the metabolism of one-carbon compounds has greatly advanced, formal- 
dehyde has also gained new significance. It has now been shown to be 
a possible intermediate in many important biological reactions. 

The reactions of formaldehyde in the intermediary metabolism can be 
divided into four groups, i.e., reactions where formaldehyde is formed, 
directly oxidative reactions, various condensation reactions, and reactions 
which link it to the metabolism of the one-carbon group. 


FORMATION OF FORMALDEHYDE 


The formation of formaldehyde from methanol has been discussed in the 
earlier chapter. However, formaldehyde may also be formed from other, 
in some cases more physiological compounds than methanol. 

When various N-methylated compounds are demethylated by animal 
tissue preparations, it has been found that formaldehyde is formed from 
the methyl group. HanpLER, BERNHEIM and KueEINn (1941) found that 
broken cell preparations of rabbit, rat and guinea pig liver are able to 
oxidatively demethylate sarcosine to glycine. They obtained strongly 
positive qualitative reactions for formaldehyde in the solution of oxidized 
sarcosine. 

MackenziE and Du VigNEAuD (1949) and Mackenzie (1950) studied 
further the biological oxidation of the methyl group of sarcosine in rat 
liver homogenates. They obtained radioactive formaldehyde as an oxida- 
tion product of sarcosine labelled in the methyl group with C!*. Formal- 
dehyde was also isolated and identified by them in the form of dimedone 
derivative. 

All the methyl] groups which are known to be oxidized to formate and 
carbon dioxide do not apparently produce formaldehyde with the same 
facility during this reaction. Formaldehyde was obtained from sarcosine, 
dimethylaminoethanol, dimethylglycine and methanol incubated with rat 
liver preparations, but not from methionine, betaine, choline, glycine, 
serine, monomethylaminoethanol or aminoethanol by MackeEnziz, JoHN- 
ston and Frise. (1953). The degradation of serine to glycine and formal- 
dehyde, on the other hand, has been demonstrated in various liver 
preparations by VILENKINA (1949, 1952), BLAKLEY (1954 a, b) and ALEXAN- 
DER and GREENBERG (1955). SreKEviTz and GREENBERG (1950) obtained 
labelled formaldehyde from the methyl groups of methionine and choline 
and from the a-carbon of glycine and #-carbon of serine after incubation 
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with rat liver slices. The apparent discrepancies in these results are probably 
due to differences in the tissue preparations and experimental techniques 
used. 

Yosipa and Fukuyama (1941, 1944) investigated the demethylation 
of N-methyl-t-tryptophane and found that preparations from kidney 
and liver of rabbit, guinea pig, pigeon and hen oxidize it to L-tryptophane 
and formaldehyde by direct demethylation, which they ascribed to the 
presence of a demethylase, probably a flavoprotein (Yosipa 1944). Further 
investigations on the rabbit kidney demethylase have been reported by 
Line and Tune (1948), Tune and Conen (1952) and Monritani, Tunes, 
Fus1, Miro, Izumiya, Kenmocui and Hirowata (1954). The demethylase 
is capable of oxidizing only N-methyl-.-amino acids to formaldehyde and 
the corresponding t-amino acid. It is different from sarcosine oxidase, 
although their action on a-methylamino acids is analogous. Further evidence 
that demethylase is a flavine-adenine dinucleotide enzyme was also obtained. 

Certain N-methylated aminoazo dyes, which are hepatic carcinogens, 
have also been shown to be oxidatively demethylated in fortified rat liver 
homogenates to form stoichiometric amounts of formaldehyde and primary 
aminoazo dye (MUELLER, and MiLLeR 1951, 1953). These methyl groups 
can also partly be transferred to choline and serine in in vitro experiments 
Piescia, Minter and HEIDELBERGER 1952). 


OXIDATION OF FORMALDEHYDE 


There is very little information concerning the direct oxidation of formal- 
dehyde in animal tissue preparations. Rat liver mitochondria are able to 
oxidize formaldehyde in small concentrations, high formaldehyde con- 
centrations being inhibitory (WALKENSTEIN and WEINHOUSE 1953). BEern- 
HEIM (1950) found that added formaldehyde inhibits the endogenous 
oxygen uptake of unwashed liver homogenates for a while, after which the 
formaldehyde is apparently oxidized, although rather slowly. However, 
if aminoguanidine is added with the formaldehyde the latter is immediately 
oxidized without initial inhibition. In washed rat liver preparations formal- 
dehyde is oxidized only if aminoguanidine is also present. The oxidation of 
the formed formaldehyde-aminoguanidine complex is inhibited by meth- 
yl-bis-(£-chlorethyl)-amine (Minter 1953). This substance inhibits also 
choline oxidation to the same degree and it has also been suggested that 
these oxidations may be mediated by the same enzyme or may require 
the same or related cofactors (MitLeR 1953). Aminopterin treatment also 
causes a marked inhibition of the oxidation of both choline and the formal- 
dehyde-aminoguanidine complex in mouse liver homogenates (MILLER 
1954). No further details are known concerning this remarkable action of 
aminoguanidine and its physiological significance is not clear. Amino- 
guanidine decreases the acute toxicity of formaldehyde to mice, presum- 
ably by increasing its oxidation (ZaupER 1950). However, this effect may 
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also be due to the lower toxicity of the aminoguanidine-formaldehyde 
complex. 

It has generally been assumed that the enzymes responsible for the 
oxidation of formaldehyde are the same which oxidize other aldehydes and 
the meagre information we have regarding them has mostly been obtained 
from the specificity studies of acetaldehyde-metabolizing enzymes. The 
enzymes of animal origin which are known to catalyse in vitro also the 
oxidation of formaldehyde are aldehyde dehydrogenase, xanthine oxidase, 
aldehyde oxidase, glyceraldehyde-3-phosphate dehydrogenase, catalase and 
formaldehyde dehydrogenase. 

BaTTELLI and STERN demonstrated (1910 c) that animal tissues catalyse 
the so-called Cannizzaro’s reaction, or dismutation of two moles of alde- 
hyde to one mole of alcohol and one mole of fatty acid. Parnas (1910) 
showed that the catalyst was a soluble enzyme which he named aldehyde 
mutase, and von Evuter and Brunivus found (1928) that cozymase was 
required for this reaction. Dixon and Lutwax-Mann (1937) partly purified 
the liver aldehyde mutase and obtained a preparation which was entirely 
free from xanthine oxidase, and had no demonstrable alcohol dehydro- 
genase activity. They concluded that their aldehyde mutase was only one 
enzyme with two centres of activity. ADLER, von EuLer and GUNTHER 
(1938) investigated further the aldehyde mutase and found that it also is 
able to rapidly dismutate formaldehyde in the presence of diphosphopyri- 
dine nucleotide. It also had alcohol dehydrogenase activity when supple- 
mented with flavoprotein. The isolation by Racker (1949) of diphos- 
phopyridine nucleotide-dependent aldehyde dehydrogenase from liver has 
led, however, to the conclusion that the aldehyde mutase action very 
probably is due to the combined action of both alcohol dehydrogenase and 
aldehyde dehydrogenase and that there apparently exists no such enzymic 
entity as aldehyde mutase. The liver aldehyde dehydrogenase reacts also 
with formaldehyde, although only at one-half of the rate as with acetal- 
dehyde (RacKER 1949). 

KENDAL and RAMANATHAN (1951, 1952) studied the reactions of formal- 
dehyde catalysed by the alcohol dehydrogenase preparation of Lutwak- 
Mann (1938), which contains also aldehyde mutase activity. They con- 
firmed the earlier findings that formaldehyde can be dismuted in this 
system when fortified with diphosphopyridine nucleotide. When also 
methanol or ethanol was added, the disappearance of formaldehyde was 
greatly accelerated and a volatile ester was formed. It was at first suggested 
that the appearance of methyl formate instead of formic acid in the formal- 
dehyde + methanol system might be due to the presence of an amount 
of semiacetal sufficient to compete effectively with the aldehyde hydrate 
as a substrate for aldehyde dehydrogenase. The reaction, however, was 
quite insensitive to iodoacetate and this made the participation of aldehyde 
dehydrogenase in this reaction doubtful. It was therefore suggested by 
the authors that alcohol dehydrogenase may be capable of catalysing the 
complete dismutation by catalysing also the oxidation of a semiacetal 
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CH,O -CH,OH formed between the aldehyde and alcohol. More direct 
evidence is nevertheless needed before the mechanism of this reaction may 
be regarded as settled. 

Milk and most animal tissues contain an enzyme, xanthine oxidase, 
also called the Schardinger enzyme, which oxidizes both purines and 
aldehydes, reacting very rapidly with formaldehyde (ScHARDINGER 1902, 
Morean, Stewart and Hopkins 1922, Morean 1926). It is a flavoprotein 
and reacts directly with oxygen (Conran, Dewan, Gorpon and Green 
1939), but can transfer electrons to cytochrome ec also (HoRECKER and 
Hepret 1949). It has been shown recently that xanthine oxidase is a 
metalloflavoprotein containing molybdene (MacKLeR, MAHLER and Green 
1954). The metal group is required for reactions with cytochrome ec, but 
not for reactions with oxygen or methylene blue. 

Another flavoprotein enzyme acting on aldehydes was found in liver 
by Gorpon, GREEN and SuBRAHMANYAN (1940) and called by them aldehyde 
oxidase. It is very similar to xanthine oxidase but has no activity towards 
purines. It is also a molybdoflavoprotein requiring molybdene in its 
reactions with cytochrome c (MAHLER, MACKLER, GREEN and Bock 1954). 
It is not quite clear whether this enzyme can use formaldehyde as substrate, 
as the enzyme is rapidly denatured in the presence of formaldehyde (Gor- 
DON et al. 1940). However, some activity is obtained when formaldehyde 
is used as substrate (CARPENTER 1951). 

Glyceraldehyde-3-phosphate dehydrogenase, also called triose phosphate 
dehydrogenase, is an enzyme which catalyses the oxidative phosphoryla- 
tion of v-glyceraldehyde-3-phosphate to 1: 3-diphosphoglyceric acid 
(WarBuRG and CuristiANn 1939, Cort, Stein and Cort 1948). It has been 
found to catalyse also the oxidative phosphorylation of acetaldehyde, 
propionaldehyde and butyraldehyde (HartinG 1951, Hartine and VELIcK 
1954). Oxidation of aldehydes can also occur in the absence of phosphate, 
although more slowly, and corresponding acids rather than phosphoric 
acid derivatives are formed. Nycaarp and SumMNER (1952) have reported 
that also formaldehyde is oxidized by glyceraldehyde-3-phosphate de- 
hydrogenase in the presence of diphosphopyridine nucleotide, but the 
reaction products were not identified. During the Jast few years the 
mechanism of glyceraldehyde-3-phosphate dehydrogenase action has been 
a subject of active investigation, but no studies have been reported where 
formaldehyde was used as substrate. The affinity of the enzyme for acetal- 
dehyde has been found to be very low and the physiological significance of 
this enzyme in the oxidation of non-phosphorylated aldehydes is still 
uncertain. 

It has also been suggested that catalase takes part in the oxidation of 
formaldehyde in vivo (CHANCE 1951) since the catalase-hydrogen peroxide 
complex reacts in vitro very rapidly with methylene glycol (formaldehyde) 
(CHANCE 1948). 

STRITTMATTER and Batt have recently (1955) identified a specific 
diphosphopyridine nucleotide-dependent formaldehyde dehydrogenase in 
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chicken and beef liver preparations. The enzyme is distinct from acetal- 
dehyde dehydrogenase. Glutathione seems to be a specific cofactor in this 
system and it is suggested that formaldehyde reacts first with reduced 
glutathione to form S-hydroxymethylglutathione, which is then attached 
to the enzyme and oxidized. The product can be released from the enzyme 
either directly as formate, or as a free thiolester, which is subsequently 
hydrolysed to formate and glutathione. This scheme, however, is for the 
present hypothetical only and further studies have not yet been reported. 


CONDENSATION REACTIONS OF FORMALDEHYDE 


As an aldehyde, formaldehyde can readily undergo condensation reac- 
tions with other substances. These condensation reactions have only lately 
gained interest also in the field of intermediary metabolism. 

The addition of pyruvate or other a-ketoacids has been found to enhance 
greatly the rate of disappearance of formaldehyde in rat liver homogenates 
(P. Mircuett and Artom 1951). The reaction was interpreted as a con- 
densation between formaldehyde and pyruvate. When the large granule 
fraction of rat liver was used, little or no formaldehyde disappeared unless 
pyruvate or other a-ketoacids were added (M.C. Mitcne.tt and ArToM 
1952). The enzyme had an optimum pH of around 8 and was quite stable. 
No activitation was obtained by adding Mg*+, thiamine or cocarboxylase 
and no CO, was evolved during the reaction, which therefore differs from 
the formation of acyloins from pyruvate and higher aldehydes by tissue 
carboxylases. This enzyme is probably identical with the formaldehyde- 
pyruvic acid carboligase of Hirt and Mauer (1952, Hirt 1952), which 
catalyses an aldol condensation between formaldehyde and pyruvic acid. 
The product was identified as a-keto-y-hydroxybutyric acid. This enzyme 
was present in whole tissue homogenates of rat kidney and liver but not 
of heart, diaphragm, spleen or brain. It was concentrated in the mito- 
chondrial fraction, and required no external activating mechanism. Neither 
formaldehyde nor pyruvate disappeared when incubated singly with the 
enzyme. Phenylpyruvic acid reacted also with the enzyme but a-keto- 
glutaric acid did not. 

Formaldehyde is also able to condense enzymically in the animal or- 
ganism with substances other than pyruvic acid. According to MEYERHOF, 
Louman and ScuusTeEr (1936), aldolase can catalyse the condensation of 
formaldehyde with dihydroxyacetone phosphate during its formation from 
hexose diphosphate, but the reaction was not studied in detail. CHARALAM- 
pous and Mier (1953) studied this reaction with the aid of isotopic 
formaldehyde and found that a soluble enzyme system from rat liver 
catalyses the formation of erythrulose phosphate by the condensation of 
formaldehyde with a triose phosphate. This enzyme, which has been called 
phosphoketotetrose aldolase and which apparently differs from the MEYERHOF- 
Louman aldolase, has later been purified 40-fold, is not sensitive to 


25 


) 
ect | 
ay 
e, 
nd 
: | 
} 
| 
d | 
N 
| 
oP 
| 
'y 


iodoacetic acid, and requires no added cofactors (CHARALAMPOUS 1954), 
The enzyme acts only with dihydroxyacetone phosphate and not with 
glyceraldehyde phosphate. In rat liver, kidney and muscle there is also 
found a soluble enzyme system which catalyses the anaerobic utilization 
of formaldehyde in the presence of erythrulose-1-phosphate (CHARALAMPoUs 
1955). Ribose phosphate was identified as the major product of this reaction. 

When homocysteine is added to sarcosine incubated with mitochondria 
the accumulation of metabolic formaldehyde is reduced and a new com- 
pound is formed (Wriston 1955). It was concluded that this compound 
is the six-membered ring, m-thiazane-4-carboxylic acid. Harris and 
MACKENZIE (1955) reported that in their washed mitochondrial system 
formaldehyde and cysteine condense to form thiazolidine carboxylic acid, 
which is then dehydrogenated by a specific oxidase to yield the correspond- 
ing thiazoline, which in turn is hydrolysed to N-formylcysteine. Thus in 
the course of its oxidation the formaldehyde carbon undergoes a transfer 
from the sulphur to the amino group of cysteine. 

Except with sulphydryl and keto groups, formaldehyde can also under 
certain conditions combine with the guanidino and amide groups and 
with the indolyl ring. It is also known that formaldehyde reacts rapidly 
at neutrality or in alkaline solutions with amino groups, forming amino- 
methylol groups and 1945, FRAENKEL-Conrat and 
Otcort 1946). These various condensation reactions of formaldehyde may 
partly aid in its metabolism but especially in the in vitro experiments they 
may also seriously reduce the effective concentration of reactive formal- 
dehyde. 


SIGNIFICANCE OF FORMALDEHYDE IN THE METABOLISM OF ONE- 
CARBON COMPOUNDS 


Formaldehyde occupies, with formic acid, a central place in the metab- 
olism of the so called one-carbon group. The carbon atom of formaldehyde 
can be incorporated into the methyl groups of choline in the intact rat 
and so be a precursor of labile methyl groups (Du VigNEAup, VERLY and 
Witson 1950, Jonsson and MosHeEr 1950, Du VicNEAUD, VERLY, WILSON, 
RAcHELE, ReEss“er and Kinney 1951). Formaldehyde can also be used 
in rat liver homogenates for the synthesis of the methyl group of methionine 
(SizGEL and Laraye 1950). Also the ureido carbon atoms 2 and 8 of the 
purine ring can be derived from formaldehyde (MarsH 1951, GREENBERG 
1951, 1953). Various liver preparations utilize formaldehyde for the synthe- 
sis of the B-carbon atom of serine, in which reaction tetrahydrofolic acid 
functions as cofactor and Laraye 1950, and SaKamI 
1954, 1955, BLAKLEY 1954 a, b, ALEXANDER and GREENBERG 1955). 

Although the reactions of formaldehyde and of formic acid are very 
similar, it has been found that they are not interconvertible in all of their 
reactions and that it is not necessary for formaldehyde to be first converted 
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to formate. Formic acid and formaldehyde are not necessarily intercon- 
verted in their incorporation into methionine methyl groups (BERG 1953) 
or into purine carbons 2 and 8 (GREENBERG 1951, 1953) but are possibly 
metabolized via a common intermediate. Formaldehyde but not formic 
acid can be added to glycine to form serine in pigeon liver preparations 
(BLAKLEY 1954 a, b). Experiments with serine doubly labelled in the p- 
position with radioactive carbon and deuterium indicated that in the 
synthesis of labile methyl groups from the f-carbon atom of serine both 
hydrogen atoms were transferred bound to the carbon atom (Etwyn, 
WEISSBACH and SprRINSON 1951, Exwyn, WeissBACH, HENRY and SPRINSON 
1955). This finding was not compatible with the existence in these reactions 
of an intermediate at the oxidation level of formate, as for example the 
citrovorum factor (5-formyl- 5:6: 7: 8-tetrahydropteroylglutamic acid) 
which was generally implicated in the one-carbon group reactions as a 
carrier of the formyl group. In view of these results Wetcu and NicHoL 
(1952) proposed that in addition to a formyl derivative of folic acid, which 
functions in the transfer of an intermediate at the oxidation level of for- 
mate, there is also a similar hydroxymethyl! derivative of tetrahydrofolic 
acid which can be formed from an intermediate at the oxidation level of 
formaldehyde. There is also other evidence for the existence of these two 
folic acid derivatives (see e.g., BLAKLEY 1954 b, Kistruk and SAKAmI 1955). 
Bere (1953) has proposed that homocysteine might function as the carrier 
of formyl and hydroxymethyl groups. 

Kistiuk and SaKami (1955) have presented these complex interrelation- 
ships between the one-carbon compounds in a scheme which is repeated 
n a slightly modified form in figure 1. 


Serine-B-Carbon 
Methanol Thymine-CH 3 
THFA Choline-CH 


> 
Formaldehyde Hydroxymethyl-THFA 
(derivative?) 


DPNH | DPN 
ATP 
Formate +> Citrovorum Factor 
Mn++ (derivative?) 
THFA 
2 DPNH  Purines 
Folic Acid 


Fig. 1. — Interrelationships between one-carbon compounds. (Slightly modified 
from Kisuiuk and Sakami 1955.) THFA = tetrahydrofolice acid. 
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PRESENT INVESTIGATION 


SUBJECTS OF INVESTIGATION 


From the survey of the literature it was seen that although 
there are numerous investigations which in some way are con- 
nected with the metabolism of methanol, our knowledge of the 
actual metabolism of methanol in the animal organism is rather 
meagre. Especially the quantitative aspects of the metabolism 
of methanol in in vitro systems are very little known. 

It was the purpose of this study originally to investigate the 
metabolism of methanol and formaldehyde in the animal organism 
at three different levels. First with in vivo techniques in intact 
animals, secondly with in vitro techniques in whole tissue prep- 
arations, and thirdly in vitro with purified enzyme preparations. 
Recent advances in this field, however, made modifications in 
this plan necessary and the present report therefore concerns 
only the in vitro studies with whole tissue preparations and the 
in vivo studies. 

The following subjects were studied in vitro: 

— The metabolism of methanol in homogenates from animal 
tissues and the accumulation of formaldehyde during the utiliza- 
tion of methanol; 

— The optimum conditions for these reactions and the effect 
of various metabolic cofactors and inhibitors, especially the effect 
of disulfiram and ethanol; 

— The metabolism of methanol in tissue slices and the accu- 
mulation of formaldehyde during the utilization of methanol; 

— The utilization of added formaldehyde in homogenates of 
animal tissues. 

The following subjects were studied in rabbits in vivo: 
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— The elimination of perorally or intravenously administered 
methanol from the blood and the possible accumulation of formal- 


dehyde in the blood of these animals; 
— The influence of ethanol and disulfiram on the elimination 


of methanol from the blood and on the possible accumulation of 


formaldehyde in the blood; 
— The excretion of methanol and formic acid in the urine of 


methanol-treated rabbits and the effect of ethanol and disulfiram 
on this excretion. 


EXPERIMENTAL TECHNIQUES 


In vitro EXPERIMENTS 


Preparations from guinea pig and rat tissues were used in the in eitro 
experiments. The rats were of Wistar strain and the guinea pigs were of 
a strain inbred for a long time in this laboratory. 

In most experiments the animals were fasted for one night, killed with 
a blow on the head without anaesthesia and bled. The organs were rapidly 
removed and cooled. 

The tissues were used in the form of homogenates and slices. The word 
homogenate is used here in the conventional biochemical sense and does 
not indicate real homogenicity. For preparation of the homogenates the 
tissues were cooled on crushed ice or frozen with the aid of solid carbon 
dioxide immediately after killing of the animal. They were weighed and 
homogenized, using cold 0.1 M potassium phosphate buffer pH 7.4 as 
the homogenization medium. 

The homogenizing device used in the preliminary experiments was a 
mixer of Waring blendor type, but better and more consistent results 
were attained with a refrigated Biihler homogenizer, which therefore was 
used in the greater part of this study. The homogenizer was cooled with 
ice water, the speed 10 was used and the homogenization time was 30 
seconds except for skeletal and heart muscles, which were homogenized 
for 45 seconds. After homogenization the preparation was diluted with 
buffer to the required concentration, which in most experiments was 10 per 
cent (wet weight of tissue by volume). It was used immediately if not 
otherwise stated. 

The slices were prepared from tissues cooled on crushed ice and kept 
moist with physiological saline. They were cut freely by hand with a cut- 
throat razor and only the most uniform slices were used. They were rapidly 
drained and weighed on a torsion balance and introduced into the reaction 
vessels with the smallest possible delay. 

The following buffers were used: 
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0.1 M potassium phosphate buffer pH 7.4 was prepared by mixing appro- 
priate amounts of 0.1 M primary and secondary potassium phosphate 
solutions. This buffer was used in most experiments. 

0.2 M phosphate buffer according to Sérensen was prepared from 0.2 M 
secondary sodium phosphate and 0.2 M primary potassium phosphate 
solutions. 

0.2 M pyrophosphate buffer was prepared from 0.2 M sodium pyrophos- 
phate and 0.2 M hydrochloric acid. 

The pH values of potassium phosphate and pyrophosphate buffers were 
checked repeatedly with a »Radiometer» pH meter, using as primary 
standard a buffer mixture of pH 6.81 prepared of equal volumes of 0.1 M 
secondary sodium phosphate and 0.1 M primary potassium phosphate. 

The substrates, activators and inhibitors were as follows: 

Methanol. — Aqueous solutions were prepared from a pro analysi pro- 
duct of Merck. Since no difference was noted in the experiments whether 
or not the methanol was redistilled, it was used directly. Specific gravity 
0.795 was assumed. 

Formaldehyde. — Formaldehyde (Merck, p.a.) was distilled and the 
distillate was analysed for the formaldehyde content and diluted with 
water to the concentration required in each experiment. 

Diphosphopyridine nucleotide. — This was a commercial preparation 
manufactured by Boehringer und Sohne. In the preliminary experiments, 
diphosphopyridine nucleotide prepared from yeast according to Sumner. 
KRISHNAN and Sister (1947) was used. 

Adenosine triphosphate. — In most experiments Light Co.’s preparation 
and in some experiments that of Gedeon Richter (Budapest) was used. 

Diphosphothiamine. — This was Berolase (LaRoche-Hoffmann). 


Glutathione. — Reduced glutathione from Schwarz Co. was used. 
Cytochrome c. — A preparation manufactured by Light Co. was used. 
Disulfiram. — Crystalline tetraethylthiuram disulphide was used. 


All the other reagents used were pro analysi products of Merck or of 
a corresponding quality. 

The incubations were carried out in 50 ml Erlenmeyer flasks at + 37° 
in a temperature-controlled water bath. The flasks were mechanically 
shaken during the incubation. 

The reaction mixture was usually composed of 10 ml of homogenate 
(or 10 ml of buffer and 0.7 — 2.0 g of slices, wet weight) and 2 ml of sub- 
strate and other additions. Buffer was added until the total volume was the 
same in all the flasks in each series, usually 12 ml or 11 ml. The ingredients 
were added to the flasks in the following order: the additions (inhibitors, 
activators, etc.), the tissue preparation, and the substrate. During the 
preparation of the reaction mixture the flasks were immersed in ice water. 

When oxygen or nitrogen was used as the gas phase the flasks were 
gassed for 5 minutes after the reaction mixtures were ready. No loss of 
substrate during gassing was observed when formaldehyde was used as 
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substrate. When methanol was used a loss of 5 to 10 per cent was observed 
and was corrected with the aid of one or two control flasks in each series, 
which were analysed immediately after gassing. Ordinary tank oxygen was 
used. The nitrogen was tank nitrogen passed through Fieser’s (1924) 
solution to free it from possible traces of oxygen. 

Samples were taken before and after the incubation. In some experiments 
a number of samples were taken also during the incubation. The samples, 
usually 1 ml, were transferred to centrifuge tubes containing 1 ml of 20 per 
cent trichloroacetic acid for the precipitation of proteins. After standing 
for about one-half hour 1 to 2 ml of water were added and the tubes cooled 
and centrifuged. The clear supernatant obtained was used for the analyses, 
which were performed in duplicate. 


In vivo EXPERIMENTS 


The experimental animals were white and brown rabbits about 2—3 years 
old and weighing 2.5 to 3.5 kg. The diet during the experiments was oats 
and water ad libitum. 

The peroral administration of alcohols and disulfiram was made through 
arubber stomach tube. The alcohols were diluted with water to a 15—20 
per cent solution and the disulfiram was given as a 15 per cent aqueous 
suspension stabilized with a drop of Tween 80. 

For intravenous administration into the ear vein the alcohols were 
diluted with physiological saline pro injectione (Orion) to make 10 ml, 
which was given as a slow injection during 10—15 minutes. More rapid 
injection, especially of the higher concentrations, tended to kill the animals. 

The blood samples, usually 0.6 ml, were taken from the ear vein with 
a recalibrated 1 ml tuberculin syringe containing 0.4 ml heparin solution 
(125 ug heparin per ml). After thorough mixing the sample was transferred 
to a centrifuge tube containing 1 ml of 20 per cent trichloroacetic acid. 
After standing for one-half hour 2 ml of water were added and the tubes 
cooled and centrifuged. The clear supernatant obtained was used for the 
analyses, which were performed in duplicate. 


ANALYTICAL METHODS 


DETERMINATION OF FORMALDEHYDE 


A wide variety of methods are available for the determination of the 
highly reactive formaldehyde. However, many of these methods are not 
specific for formaldehyde, being based on general aldehyde reactions or 
being still more unspecific. The methods suitable for biochemical analysis, 
where many disturbing factors are present, must have a rather high specific- 
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ity and they must also be sufficiently sensitive for the determination of 
very small formaldehyde concentrations. 

The discovery of Denicés (1896, 1910 a) that Schiff’s fuchsin-bisulphite 
reagent, a general reagent for the detection of aldehydes, gives a specific 
colour with formaldehyde when employed in the presence of strong acids, 
has led to several more or less modified methods for the determination of 
formaldehyde. These methods have the advantage of being both extremely 
simple and fairly specific. The sensitivity of these photometric procedures 
is about 1: 1 000 000. 

Scuryver reported in 1910 a method for estimating formaldehyde 
based on a reaction with phenylhydrazine hydrochloride. The product, 
when oxidized with potassium ferricyanide and acidified with hydrochloric 
acid, gives a red colour. Dowsz and SaunpeErRs (1955) have recently 
studied this reaction and determined the optimum conditions for its use 
in the quantitative determination of formaldehyde. 

TANENSAUM and BrickER (1952) have described a method for the micro- 
estimation of free formaldehyde, which is based on the formation of a red 
colour by the reaction of formaldehyde with phenylhydrazine and potas- 
sium ferricyanide. However, acetaldehyde interferes with this reaction, 
as also do methanol and ethanol, which are partly oxidized to aldehydes 
by the employed ferricyanide. 

Nasu (1953) has described a method for the colorimetric estimation of 
formaldehyde by means of the Hantzsch reaction comprising the synthesis 
of dimethyldihydrolutidine from acetylacetone and formaldehyde in the 
presence of an excess of ammonium salt. 

Formaldehyde can also be estimated gravimetrically as its dimedone 
derivative (VoRLANDER 1929, WEINBERGER 1931). However, the sensitiv- 
ity of this method is not very high; furthermore, other aldehydes will also 
give a dimedone derivative and the quantitative separation of these non- 
specific materials without loss of the formaldehyde derivative seems to 
be difficult. 

EEGRIWE observed (1937) that formaldehyde reacted with chromotropic 
acid (1: 8-dihydroxynaphthalene-3 : 6-disulphonic acid) on being heated 
in strong sulphuric acid, yielding a highly violet coloured compound, and 
that the reaction appeared to be specific for formaldehyde. This reaction 
has since been adapted for quantitative use by several workers (Boyp and 
Locan 1942, MacFaypEn 1945, Bricker and JoHnson 1945, and others). 

In the present study the chromotropic acid method was used for the 
determination of formaldehyde. Some preliminary experiments were also 
made by the methods of TaNenBAUM and Bricker (1952) and that of 
Nasu (1953) but they seemed to offer no advantages over the chromotropic 
acid method, which was found to be superior in many respects. The results 
obtained with the Hantzsch reaction were not uniform. The phenyl- 
hydrazine reaction is very time-sensitive and therefore was not well suited 
for serial determinations. The interference of methanol and ethanol also 
made it unsuitable for these studies. 
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The procedure adopted in the present work for the determination of 
formaldehyde is described below. 


Reagents: 

0.20 per cent chromotropic acid solution (in 11.5 M-H,SO,). — Chromo- 
tropic acid (Merck) was used. The solution was stable for at least one week 
if stored in a brown bottle in the refrigerator. During this time the blank 
values increased somewhat but this did not disturb the analysis. In most 
determinations, however, a freshly made solution was used. 

11.5 M-H,SO,. — This was prepared from concentrated H,SO, (p.a., 
Merck). 

Formaldehyde stock standard solution.— This was prepared by hydrolysing 
778.5 mg of hexamethylenetetramine (Merck) in 50 ml of 10 N-H,SO, for 
2days at room temperature, followed by dilution to 500 ml with distilled 
water. Thus 1 ml of this stock standard corresponds to 2 000 ug formal- 
dehyde. The stock standard solution was very stable when stored in the 
refrigerator. Working standards were prepared from this stock standard 
when needed, by diluting with distilled water. A dilution series containing 
1,2, 3, and 4 wg formaldehyde per ml was mostly used for the standardi- 
zation of the determination. 


Procedure: 

Into a glass stoppered test tube was pipetted 0.5 ml of the protein-free 
sample to be analysed. If more than 10 ug formaldehyde per ml was 
expected the sample was first appropriately diluted with distilled water. 
Then 3 ml of 0.20 per cent chromotropic acid solution in 11.5 M sulphuric 
acid were added and the tubes were immediately closed and shaken. The 
tubes were heated in a water bath at 80° for 1 hour. After cooling the 
optical densities were determined with a Beckman B spectrophotometer 
at 570 my. 

The values for formaldehyde content were calculated using a coefficient 
obtained from several series of standard determinations. Standard deter- 
minations were made about once a week and always after adopting new 
batches of reagents. The coefficient (optical density of 1 ug formaldehyde 
minus that of the reagent blank) was 0.151 + 0.0068, as calculated from 
all the 104 standard determination series made. The variations within 
asingle series of standards were negligible and a linear correlation was 
always obtained between the optical density and the formaldehyde con- 
centration. 

The analyses were performed directly from suitably diluted protein-free 
samples. In addition to the usual reagent blank, a tissue blank was always 
used in the determinations from homogenates and slices. This was made 
from tissue preparation which was incubated without substrate but was 
otherwise treated like the actual experiments. 

When known amounts of formaldehyde were added to deproteinized 
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homogenates the recovery of formaldehyde was found to be quantitative, 
If formaldehyde was added to homogenates before deproteinization a part 
of the formaldehyde was bound to the homogenate, the amount being 
correlated to the concentration of the homogenate. When 10 per cent 
liver homogenates were used, about 15—25 per cent of the added formal- 
dehyde was bound to it and the recovery was thus only 75—85 per cent. 

In the actual experiments on the utilization of formaldehyde this effect 
was eliminated by taking samples also before incubation to ascertain the 
initial composition of the reaction mixture and by using boiled homogenates 
as controls for the non-enzymic disappearance of formaldehyde. In the 
experiments in which the accumulation of formaldehyde from methanol 
was followed no such elimination of the effect of the non-enzymic binding 
of formaldehyde was possible. The values for formaldehyde are not cor- 
rected for this effect in any of the experiments. 


DETERMINATION OF METHANOL 


The most suitable methods for the determination of methanol in bio- 
chemical work are based on its oxidation. Either the used oxidant is 
determined or the formaldehyde, which under proper conditions is the 
principal oxidation product, is determined by some of the methods dealt 
with above. 

WipMark’s (1922) micromethod for ethanol determination was modified 
by Bitpsten (1924) for the determination of methanol. He determined the 
constant k which gives the correlation between used bichromate and the 
amount of methanol present. However, the value for k which he gives, 
namely 1. 33 for 1/200 N thiosulphate, is apparently about 5 times too high 
although he obtained with this method very plausible results in methanol 
determinations from rabbit blood. Neymark (1936) and Scumipt (1949) 
give as the correct value 0.56 for 1/100 N thiosulphate; Se1rert and GUNTHER 
(1951), however, use 0.7 as the value for k. If ethanol or other reducing 
volatile agents are present this method is not applicable, and also if both 
methanol and formaldehyde are present together this method cannot be 
used. 

The procedures based on the oxidation of methanol to formaldehyde, 
followed by photometric or colorimetric determination of formaldehyde 
are the most widely used methods. The oxidating agent is usually acid 
potassium permanganate and the oxidation is stopped with oxalic acid 
or bisulphite. The formaldehyde is usually determined with modified 
Schiff’s reagents, and several more or less modified variations of the 
original method of Denicés (1910 b) are used for the determination of 
methanol (e.g., Wricgut 1927, Ant-WuoRINEN 1935). Ethanol is usually 
added to sensitize the reaction. The procedure is sensitive to temperature 
variations and should be carried out in a thermostat. Another possibility 
is to use chromotropic acid for the determination of formed formaldehyde. 
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This method has been adapted for blood methanol determination by AGNER 
and BELFRAGE (1947), who used acid permanganate as oxidant and stopped 
the oxidation with sulphur dioxide. Also Boos (1948) and FeLpste1n and 
KLENDSHOJ (1954) have proposed similar methods, and the latter authors 
have combined it with microdiffusion in a Conway unit. 


The chromotropic acid method seemed most suitable for use in the 
present study because of its simplicity and sensitivity. The optimum 
conditions for the chromotropic acid reaction were first studied. The effects 
of such factors as the concentration of sulphuric acid and chromotropic 
acid and the incubation temperature and time were studied. The results 
obtained by MacFaypeEn (1945) and Bricker and JoHNSON (1946) were 
confirmed. The optimum conditions for the oxidation of methanol to 
formaldehyde were also investigated. The results obtained were similar 
to those of AGneR and BEeLFraGeE (1947). 

In the procedure adopted for methanol determination the incubation 
time was increased to 60 minutes, since in some direct determinations 
from tissue samples the maximum colour was not developed until after 
30 minutes. The incubation temperature was decreased to 80° in order 
to diminish the brownish discolourations readily developed from the more 
concentrated tissue samples when incubated with sulphuric acid at 100°. 
The total volume was 3.7 ml, which just fits the cuvettes for the Beckman 
photometer. A 10 per cent solution of sodium bisulphite was used for 
reducing the excess permanganate. Sodium arsenite was also tried as a 
reducing agent but it reacted with permanganate, giving an intense red 
colour and therefore could not be used. 


The procedure used for the determination of methanol is described below. 


Reagents: 

In addition to the reagents for the determination of formaldehyde (p. 33) 
the following were used. 

Potassium permanganate solution. — 6 ml of sirupous orthophosphoric 
acid pro analysi (UCB) were diluted with distilled water to 100 ml. This 
solution was saturated with potassium permanganate (p.a., UCB). 

Bisulphite solution. — A 10 per cent solution of sodium metabisulphite 
(p.a., Merck) was used. This solution must be freshly made. 

Standard methanol solutions. — Methanol (p.a., Merck) was used. The 
standard dilutions used contained 20, 30, 40 and 50 ug methanol per ml. 
The specific gravity of methanol was assumed to be 0.795. 


Procedure: 

Of the protein-free sample to be analysed, which may contain up to 
120 wg methanol per ml, 0.5 ml is pipetted into a glass stoppered test tube. 
Then 0.1 ml of the acid potassium permanganate solution is added, the 
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tube closed and the oxidation left to proceed for 20 minutes at room tem- | 


perature. Care must be taken that all of the sample is in contact with the 
oxidizing solution. After 20 minutes 0.1 ml of bisulphite solution is added 
to stop the oxidation and decolourize the permanganate. Thereafter 3 ml 
of 0.20 per cent chromotropic acid solution in 11.5 M sulphuric acid are 
added and the tubes are closed and well shaken. After 1 hour in a water. 
bath at 80° the tubes are allowed to cool and then the optical densities 
are read at 570 my with the aid of a Beckman B spectrophotometer. 


The methanol values were calculated with the aid of a coefficient 
obtained from determinations of known methanol concentrations. The 
optical density of 1 ug methanol minus that of the reagent blank was 
0.0134 + 0.0012, as calculated from the 86 standard series made. Stand- 
ard determinations were run about once a week, and always after 
adopting new batches of reagents. A linear correlation was always obtained 
between the optical density and the methanol concentration. 

All the methanol determinations were carried out directly from the 
suitably diluted protein-free samples, with the exception of those for urine, 
in which the distillation procedure of LEaAr and ZaTMAN (1952) was used 
for the isolation of methanol. A tissue blank, incubated without substrate, 
was always used in the determinations from tissue preparations. The 
recovery of added methanol from deproteinized 10 per cent liver homog- 
enates was 97—105 per cent and no correction for it was made in the 
actual experiments. When known amounts of methanol were added to non- 
deproteinized homogenates a part of the methanol was bound to the 
homogenate. The amount of bound methanol was correlated to the con- 
centration of the homogenate and was about 20 per cent when 30 per cent 
homogenate was used. When 10 per cent homogenates were used the 
recovery was almost quantitative. Since samples of the reaction mixture 
were always analysed also before incubation, and since the experiments 
with boiled homogenates demonstrated that no more methanol was bound 
during the incubation, the effect of the fixation of methanol in the tissue 
preparations on the final results was eliminated. 

Analysis of Mixtures of Methanol and Formaldehyde. — When the sample 
to be analysed contains both methanol and formaldehyde, the usual manner 
of analysis does not give the correct values. Methanol does not react in the 
formaldehyde determination, and the values obtained for the formaldehyde 
content in mixtures of formaldehyde and methanol are therefore valid. 
Formaldehyde, however, reacts also in the methanol determination, and 
excessively high values are obtained. It has been proposed that in such 
cases it is possible to use the difference between an oxidized and a non- 
oxidized sample as the value for methanol (FELDsTEIN and KLENDSHOS 
1954). However, neither will this give the correct values since acid per- 
manganate also oxidizes a part of the formaldehyde present, and, on the 
other hand, the oxidation of methanol is not quantitative. The oxidation 
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of formaldehyde by acid permanganate was therefore studied in order to 
be able to calculate the formaldehyde corrections in the methanol values 
for mixtures of methanol and formaldehyde. 

When known amounts of formaldehyde were carried through the meth- 
anol determination procedure it could be established that 1 ug of formal- 
dehyde in the methano] determination is equal to 2.5 ug of methanol. 
Therefore, when also formaldehyde was present, 2.5 times its concentration 
was subtracted from the value obtained for methanol. In table 1 are shown 


TABLE 1 


Analysis of known mixtures of methanol and formaldehyde 


Methanol Formaldehyde 

| Theory | Found | Recovery Theory | Found | Recovery 
ug ug | per cent ng ng | per cent 

| 10 9.6 96 0 | 0.00 — 

10 10.1 101 0 | 0.00 _ 

10 10.4 101 0.50 0.41 82 

10 10.3 103 0.50 | 0.48 96 

10 10.0 100 1.00 1.02 102 

10 9.6 96 1.00 0.97 97 

10 9.9 99 1.50 1.47 98 

10 10.5 105 1.50 | 1.38 92 

10 10.5 105 2.00 | 2.02 101 

10 9.5 | 95 2.00 | 1.93 97 

5 4.2 84 1.00 | 0.93 93 

5 4.0 80 1.00 0.95 95 

5 5.9 118 2.00 | 1.85 93 

5 4.3 86 2.00 | 1.94 97 

| 5 4.7 94 2.50 2.44 98 

| 5 4.4 88 2.50 2.50 100 

0 0.0 — 1.00 | 0.96 96 

0 | 0.0 ~ 1.00 1.02 102 


the results obtained with known mixtures of formaldehyde and methanol 
analysed in the above manner. It will be observed that good recovery was 
obtained. 

Interfering Substances. — Ethanol, disulfiram, adenosine triphosphoric 
acid, diphosphopyridine nucleotide, glutathione, diphosphothiamine, 
monoiodoacetate, malonate, pteroylglutamic acid and vitamin B,, did 
not interfere with the formaldehyde and methanol determinations in the 
concentrations used. In table 2 are presented the results of experiments 
in which the possible interference of certain other substances with the 
determination of formaldehyde and methanol was investigated. It is seen 
that the concentrations possibly present in tissue preparations have no 
significant effect on these determinations. However, if fructose, glucose 
or ascorbic acid are added into the reaction mixture they may invalidate 
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TABLE 2 


Effect of various compounds on the determination of methanol and formaldehyde 
Pure solutions were used for the determinations. 


Concentration Methanol Formaldehyde | 
Compound 
mg per ml vg per ml vg per mi | 
Na-pyruvate ........ 0.25 1 0.0 
» 0.50 1 0.0 
» 5.00 11 0.0 
» 2.50 11 0.5 
5.00 16 1.0 
| Ascorbic acid ........ 0.025 0 0.0 
0.125 1 0.2 | 
» 0.500 2 0.5 
0.750 2 0.8 
1.000 3 14 
| Fructose ............ 0.005 0 0.0 | 
| 0.250 11 1.2 
0.500 20 2.3 


the results of direct analyses of formaldehyde and methanol. As sugars, 
they react with sulphuric acid, and fructose is also vxidized to formaldehyde 
by acid permanganate. 


DETERMINATION OF Formic AcID 


Most methods which have been used for the determination of formic 
acid are based on the fairly specific oxidation reaction with mercuric 
chloride. When heated with mercuric chloride, formic acid is oxidized to 
carbon dioxide and water and the mercuric chloride is thereby reduced to 
mercurous chloride. The mercurous chloride formed can then be deter- 
mined gravimetrically (Pont 1893, Fincke 1913) or iodometrically (RrEssER 
1916, 1923). Volumetric determination of the formed carbon dioxide was 
used by Pirie (1946). Grant (1947) determined the mercurous chloride 
colorimetrically by measuring the colour formed when the mercurous chlor- 
ide was treated with a phosphotungstic-phosphomolybdic acid reagent. 
The sensitivity was thus increased about 100-fold. 

Drover (1932) determined formic acid colorimetrically after reduction 
to formaldehyde with fuchsin-sulphurous acid. He used as reducing agent 
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hydrogen generated by magnesium in hydrochloric acid. Chromotropic 
acid has also been used for the determination of formaldehyde formed in the 
reduction of formic acid (GRANT 1948). 

In the methods for the determination of formic acid in urine, blood or 
other biological substances it is necessary first to isolate the formic acid. 
In most methods either steam distillation (Pon, 1893, Fincxe 1913, 
PiniE 1946) or vacuum distillation (StrisoweR 1913, Grant 1948) has 
been used. RrEssEr (1916) combined ether extraction and steam distillation. 

BastruP (1947) worked out a very practical method for the determina- 
tion of formic acid in urine. The formic acid is isolated as a very volatile 
methyl formate after esterification with methanol using hydrogen ions as 
catalyst. The methyl formate is distilled into a sodium hydroxide solution, 
in which it is saponified, with reformation of formic acid. The actual deter- 
mination of formic acid is then carried out by the procedure of Riesser 
(1916, 1923), in which the mercurous chloride formed in the reaction of 
formic acid with mercuric chloride is determined iodometrically. 


In the present study the method of Bastrup (1947) was used for the 
determination of formic acid. The colorimetric methods of Grant (1947, 
1948) were used in preliminary experiments, but they did not give as 
consistent results as the method of Bastrup. 
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RESULTS 


METABOLISM OF METHANOL AND FORMALDEHYDE 
IN VITRO 


The in vitro experiments which are presented in this section 
were mostly made with liver tissue homogenates, because it was 
found in preliminary experiments that methanol is readily utilized 
in these preparations and that formaldehyde accumulates during 
this reaction. The homogenate technique was also technically 
more convenient and made possible a more rigid control of outer 
conditions than the tissue slice technique, which, however, was 
used in some experiments. For comparison, other tissues than 
liver were also studied. Due to external circumstances both rat 
and guinea pig tissues had to be used interchangeably in some 
experiments. No qualitative differences between them were noted, 
however, and the results may be regarded as comparable qualita- 
tively in spite of the different animal species used. 

In general the variations in the activity of tissue preparations 
obtained from different animals and at different times were con- 
siderable. This variation, however, was very small within a single 
experimental series, in which the same tissue preparation was 
used under identical conditions in every experiment. Therefore 
in interpreting the results, only the experiments in the same 
series can be directly compared to each other in a quantitative 
sense. Despite the above mentioned variation, the results show the 
same qualitative and quantitative tendencies also when different 
series are compared. 

The values presented for the utilization of methanol and accu- 
mulation of formaldehyde refer to the difference between the 
values found before and after the incubation. All the values are 
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calculated per initial volume. Usually about 3—6 different series 
were made in each group and the results of one or more typical 
series are presented. 

Because of the variations in the activity of the different prep- 
arations and the relatively small material, the data have not 
been analysed statistically. 


UTILIZATION OF METHANOL AND ACCUMULATION OF FORMALDE- 
HYDE IN LIVER TISSUE HOMOGENATES 


Since very little is known concerning the quantitative aspects 
of the metabolism of methanoi and formaldehyde in animal tissues 
it was first necessary to investigate the optimum conditions for 
these reactions. Liver tissue homogenates were used in the follow- 
ing experiments. The effect of fundamental factors such as pH 
of the reaction mixture, aerobic and anaerobic conditions, age 
of the homogenate, ineubation time, concentration of the homo- 
genate, and initial concentration of substrate have been studied. 


Effect of pH 


One of the essential characteristics of enzymic reactions is 
their dependence on the pH of the reaction mixture. In order 
to elucidate the dependence of the amount of methanol utilized in 
tissue homogenates on the pH of the reaction mixture the utiliza- 
tion of methanol was determined in guinea pig liver homogenate 
for the buffer pH range of 6.5 to 9.8. The accumulation of formal- 
dehyde was also followed. If the enzyme or enzymes responsible 
for the utilization of formaldehyde do not have the same pH 
optima as the enzymes responsible for the utilization of methanol, 
this should presumably become manifest as a difference in the 
shape of the curves for the effect of pH on the utilization of 
methanol and accumulation of formaldehyde. 

The arrangement of these experiments was as follows. Guinea 
pig liver was homogenized with water to a 20 per cent homogenate. 
Then 5 ml of this homogenate and 5 ml of 0.2 M buffer, pH 6.5— 
9.8, were incubated in air at 37° for 90 minutes with 1 600 wg of 
methanol and the utilization of methanol and accumulation of 
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formaldehyde were determined. Buffers used were 0.2 M ordinary 


phosphate buffer according to Sérensen (from primary potassium 


and secondary sodium phosphate) for the pH range 6.5—8.0, 
and 0.2 M sodium pyrophosphate buffer for pH range 8.0—9.8. 


The effect of pH on the utilization of methanol is seen from 
figure 2. The optimum pH was between about pH 7.3 and pH 8.3 


and no sharp maximum was found. On this pH range about 
60 per cent of the added 1 600 wg of methanol was utilized during 
the 90 minutes’ incubation. There was no difference in the values 
for ordinary phosphate buffer or pyrophosphate buffer at pH 8.0. 

In figure 3 is shown the dependence of the accumulation of 
formaldehyde on pH in the same experiments. The shape of the 
curve is quite similar to the methanol utilization curve if the 
effect of pyrophosphate buffer described below is taken into 
account. The maximum accumulation is seen between pH values 


Fig. 2. 


Fig. 2. — Effect of pH on the utilization of methanol in guinea pig liver 
homogenate. Ordinate: Amount of methanol utilized. Abscissa: pH of buffer. 
10 ml of 10 per cent homogenate in 0.1 M buffer. 0 = Sérensen’s phosphate 
buffer; @ = pyrophosphate buffer. Total volume 11 ml. Substrate: 1 600 ug 


Fig. 3. 


of methanol. Incubated for 90 minutes at 37°. Gas phase: air. 


Fig. 3. — Effect of pH on the accumulation of formaldehyde in guinea pig 
liver homogenate incubated with methanol. Same experiments as in fig. 2. 
Ordinate: Amount of formaldehyde accumulated. Abscissa: pH of buffer. 


O = Sérensen’s phosphate buffer; @ = pyrophosphate buffer. 
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7.3 and 8.3. This similarity of the curves indicates the same 
optimum pH ranges for the enzymes responsible for the utilization 
of methanol and formaldehyde. Another explanation may be that 
the formation of formaldehyde from methanol is to such an extent 
a dominant factor in the accumulation of formaldehyde, as com- 
pared to the utilization of formaldehyde, that it alone determines 
the shape of the curve. 

The accumulation of formaldehyde in pyrophosphate buffer 
was smaller than that in ordinary phosphate buffer. This effect 
was seen in all the experiments in which pyrophosphate and 
ordinary phosphate buffers were used under otherwise similar 
conditions. The difference was not very great, however, varying 
from 10 to 25 per cent. On the other hand, no significant effect 
was noted on the utilization of methanol. This result was very 
probably due to the increased utilization of formaldehyde in 
pyrophosphate buffer. Mriroma and GREENBERG (1952) also found 
in their isotope experiments that the formaldehyde formed in 
the oxidative demethylation of sarcosine in liver preparations 
was oxidized to carbon dioxide to a greater extent in pyrophos- 
phate buffer than when other buffers were used. 


Effect of Incubation Temperature 


The incubations in all experiments were carried out in a tem- 
perature-controlled water bath at + 37°. 

In preliminary experiments it had been found that the utiliza- 
tion of methanol was dependent to a great extent on the incuba- 
tion temperature. It was negligible when the homogenate was 
kept at 0°, and only very small amounts of methanol were utilized 
at room temperature. The accumulation of formaldehyde was 
also low at these temperatures, corresponding to the low utiliza- 
tion of methanol. Complete experimental series, however, were 
not made. 


Effect of Aerobic and Anaerobic Conditions 


To find out the extent to which the utilization of methanol and 
accumulation of formaldehyde are dependent on aerobic con- 
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ditions, experiments were made where the incubations were 
carried out under oxygen, atmospheric air and nitrogen. 
The results of these experiments are recorded in table 3. It is 


TABLE 3 


Utilization of methanol and accumulation of formaldehyde in rat liver ho- 
mogenates incubated in air, oxygen or nitrogen, 

10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Total volume 11 ml. Substrate 1 600 ug of methanol. Incubated 
90 minutes at 37°. Different homogenates were used in experiments 1—6 
and 7—10. 


Methanol Formaldehyde 
No. Gas phase utilized accumulated | 
ug ug | 
1 Air 760 79 
2 » 820 99 
3 Oxygen 850 108 | 
4 » 1040 105 
5 Nitrogen 150 0 
6 » 106 0 
7 Air 785 116 | 
8 » 920 126 
9 Oxygen 804 131 | 
10 » 754 129 | 


seen that some methanol can be utilized by rat liver homogenates 
also when incubated under nitrogen, indicating that methanol 
can partly be utilized via anaerobic mechanisms. This effect may 
also be due to traces of oxygen left in the nitrogen used. The 
anaerobically utilized amount of methanol, however, is only 
about 15 per cent of the amount utilized under aerobic conditions. 
No formaldehyde accumulated when the incubation was carried 
out under nitrogen. 

No difference was clearly seen in the utilization of methanol 
in air and in oxygen. The amount of oxygen in atmospheric air 
seemed to be adequate to permit full utilization of methanol. 
However, somewhat more formaldehyde accumulated under 
oxygen than under air. 

Because there were no significant differences between the results 
in air and oxygen, atmospheric air was used as the gas phase in 
most of the experiments in this study. 
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Effect of Ageing of the Homogenate 


The following experiments were made to obtain some knowledge 
of the stability of the enzyme systems responsible for the utiliza- 
tion of methanol and formaldehyde in liver homogenates. Immedi- 
ately after killing of the animal, guinea pig liver tissue was homog- 
enized as usually to make a 10 per cent homogenate. In this case 
the homogenate was stored in a refrigerator at + 2° and portions 
of it were used for experiments after various lapses of time. The 
incubations were carried out using air as the gas phase. From 
table 4 it is seen that much more formaldehyde accumulated when 


TABLE 4 
Effect of ageing of the homogenate on the utilization of methanol and accu- 
mulation of formaldehyde in homogenates of guinea pig liver tissue 
Homogenate stored at + 2°. 10 ml of 10 per cent homogenate in 0.1 M 
potassium phosphate buffer pH 7.4. Total volume 11 ml. Substrate 1 600 
ug of methanol. Incubated for 90 minutes at 37°. Gas phase: air. 


Homogenate Methanol Formaldehyde 
No. ageing time utilized accumulated 
min. ug ug 

1 20 850 130 
2 20 900 115 
3 360 910 150 
4 360 870 175 
5 720 820 195 
6 720 850 220 


methanol was incubated with stored liver homogenate than when 
fresh homogenate was used. This effect can be due either to 
increased formation or to decreased utilization of formaldehyde 
or to both. Since there was no clear difference in the utilization 
of methanol in the fresh and aged liver homogenate, the decreased 
utilization of formaldehyde seems the most probable of these 
alternatives. 

The tissue blank values for both formaldehyde and methanol 
were found to increase during storage of the homogenate. When 
the storage time was 12 hours these blank values were approx- 
imately doubled. However, these values were still so small that 
they were of no importance in the final results. The blanks were 
brownish rather than of the violet formaldehyde colour. To find 
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out if the increase in the tissue blank values was nevertheless due 
to the formation of formaldehyde during storage, absorption 
spectra were made from the tissue blanks used in the formaldehyde 
determinations for fresh and aged homogenates. In the spectra 
for aged homogenate no special increase was seen in the absorp- 
tion maximum of the formaldehyde-chromotropic acid colour, 
which is around 570 mu. The increase in blanks was most probably 
due to some substance or substances other than formaldehyde, 
which were formed by autolysis of the tissue during the storage 
and which reacted with chromotropic acid or sulphuric acid to 
give a brown discolouration. 

The stability of the enzyme systems was studied also at lower 
temperatures in order to see whether liver tissue could be stored 
deep frozen for later experiments or whether this would influence 
the reactions of the tissue. Guinea pig liver was used in these 
experiments. After killing of the animal a portion of the liver 
was immediately homogenized and used for incubation with 
methanol as usually. The remaining tissue was rapidly frozen with 
solid carbon dioxide and stored at —18°. Homogenates were 
prepared from this tissue after 24 and 48 hours and incubated 
with methanol. The results are presented in table 5. Only a small 


TABLE 5 


Effect of the storage of the tissue at — 18° on the utilization of methanol and 
accumulation of formaldehyde in homogenates of guinea pig liver tissue 


Substrate 1600 wg of methanol. Experimental conditions as in table 4. 


Methanol Formaldehyde | 
No. | Tissue storage time utilized accumulated =| 
hr. ug ug | 
1 12 1000 110 
2 24 980 100 
3 36 1050 115 
| 4 48 1090 120 


increase in the accumulation of formaldehyde after storage of the 
tissue at —18° was seen and no effect on the utilization of methanol. 
There was also no demonstrable increase in the tissue blank values 
when the liver was stored in the frozen state. Liver tissue which 
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had been stored at —18° for 24 hours was therefore used in some 
experiments. However, fresh tissue was used in most of the experi- 


ments. 
Effect of Incubation Time 


To investigate also the time relationships of the utilization of 
methanol and accumulation of formaldehyde these reactions were 
followed in several series of experiments by taking samples during 
the incubation at various time intervals. The gas phase was air 
in all the experiments. 

Curves for the utilization of methanol in rat liver homogenates 
during an incubation period of 120 minutes are presented in 
figure 4. It is seen that methanol was very readily utilized in these 
preparations and that the utilization was rather rapid during the 


fH,OH 
1000, 
& 
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i 
0 


30 90 
Fig. 4. Fig. 5. 
Fig. 4. — Utilization of methanol in rat liver homogenate. Ordinate: Con- 


centration of methanol. Abscissa: Incubation time. 10 ml of 10 per cent homo- 
genate in 0.1 M potassium phosphate buffer, pH 7.4. Total volume 11 mi. 
0 — © 1000 yg of methanol; o — o 1000 yg of methanol + boiled homoge- 
nate; @ — @ 400 yg of methanol. Gas phase: air. Incubation temperature 37°. 
Fig. 5. — Accumulation of formaldehyde in rat liver homogenate incubated 
with methanol. Same experiments as in fig. 4. Ordinate: Amount of formal- 
dehyde accumulated. Abscissa: Incubation time. No formaldehyde was accu- 
mulated in the boiled homogenate incubated with 1 000 ug of methanol. 
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first 30 minutes and then slowed down. During these 30 minutes 
about 75 per cent of the added 1 000 wg and 85 per cent of the 
added 400 ug were utilized. If the homogenate was first boiled 
no utilization of methanol was seen, which can be regarded as 
a demonstration of the enzymic nature of this reaction. In figure 6 
are presented curves for the methanol utilization in another series 
of experiments where the reaction was followed for 210 minutes, 
The shape of the curves were similar in both experiments, although 
somewhat less methanol was utilized in the latter series. 

The accumulation of formaldehyde in the same experiments is 
presented in figures 5 and 7. The direct relationship of the accu- 
mulation of formaldehyde to the utilization of methanol is clearly 
seen, the rate of formaldehyde accumulation being most rapid 
in the beginning of the experiments and then slowing down. 
From figure 7 it is seen that the formaldehyde concentration 


CH,OH 


° 3 90 150 210 Min 


Fig. 6. 


Fig. 6. — Utilization of methanol in rat liver homogenate. Ordinate: Con- 
centration of methanol. Abscissa: Incubation time. @ — @ 1 200 yg of meth- 
anol; o —o 1 200 ug of methanol + boiled homogenate; 0 — 0 600 jug of 
methanol. Experimental conditions as in fig. 4. 

Fig. 7. — Accumulation of formaldehyde in rat liver homogenate incubated 
with methanol. Same experiments as in fig. 6. Ordinate: Amount of formal- 
dehyde accumulated. Abscissa: Incubation time. No formaldehyde was ac- 
cumulated in the boiled homogenate incubated with 1 200 ug of methanol. 
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began to decrease after a long incubation period when the 
utilization of methanol was slow. At that time the utilization of 
formaldehyde was apparently more rapid than its formation from 
methanol. 

When comparing the curves for the accumulation of formalde- 
hyde and utilization of methanol, note should be taken that the 
concentration scales for methanol and for formaldehyde in the 
figures are different. Not more than about 5 to 10 per cent of the 
hitherto utilized methanol was recovered from the reaction 
mixture as formaldehyde at any time. 

Similar curves for the utilization of methanol and for the 
accumulation of formaldehyde during this reaction were obtained 
also with guinea pig liver homogenates. The utilization of meth- 
anol, however, was of a somewhat smaller magnitude in these 
preparations than in the rat liver preparations. The accumulation 
of formaldehyde in relation to the utilization of methanol was of 
the same order in the guinea pig and rat liver homogenates. 


Effect of Homogenate Concentration 


In order to find the most suitable homogenate concentration 
several series of experiments were performed with variable 
concentrations of the homogenate. The results from a represent- 
ative series made with rat liver homogenate incubated aerobically 
with methanol are presented in figures 8 and 9. 

Figure 8 shows the effect of the concentration of the homo- 
genate on the utilization of methanol. From the difference between 
the amount of methanol added and the methanol concentrations 
in samples taken just after the addition of the methanol into the 
homogenates before incubation it is seen that the recovery of 
methanol decreased with increasing concentrations of homogenate. 
This effect was most probably due to the binding of methanol to 
the proteins and other constituents of the homogenate. This 
decrease in the methanol concentration was most marked in the 
30 per cent homogenate, in which the decrease was about 20 per 
cent of the added amount. It was correspondingly smaller in the 
more dilute homogenates. In the 10 per cent and 5 per cent 
homogenates the recovery was practically quantitative. 
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° 30 60 90 120 Min 
Fig. 8. Fig. 9. 


Fig. 8— Utilization of methanol in rat liver homogenates of varying concentra- 
tions. Ordinate: Concentration of methanol. Abscissa: Incubation time. 10 ml 
of homogenate in 0.1 M potassium phosphate buffer, pH 7.4. Concentration 
of homogenate: Curve 1, 5 per cent; curve 2, 10 per cent; curve 3, 20 per cent; 
curve 4, 30 per cent. Substrate: 1100 wg of methanol. Total volume 11 mi. 
Incubatedat 37°. Gas phase: air. 
Fig. 9. — Accumulation of formaldehyde in rat liver homogenates of varying 
concentrations incubated with methanol. Same experiments as in fig. 8. Ordi- 
nate: Amount of formaldehyde accumulated. Abscissa: Incubation time. 


The shapes of all the methanol utilization curves in figure 8 
are similar, the utilization being rapid during the first 30 minutes 
and then slowing down. All of the added 1 100 ug of methanol was 
utilized in the 30 and 20 per cent homogenates during the incuba- 
tion period of 120 minutes. The utilization in 5 and 10 per cent 
homogenates was of a proportionately smaller magnitude, about 
70 per cent of the added methanol being utilized in the 10 per 
cent homogenate during 120 minutes. 

The accumulation of formaldehyde in these experiments is 
recorded in figure 9. All the values are corrected for tissue blanks 
without substrate incubated simultaneously, as were the values 
for methanol. The most rapid accumulation of formaldehyde 
occurred during the first 30 minutes and its magnitude was 
correlated to the concentration of the homogenate. During the 
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second 30 minutes the formaldehyde concentration increased but 
little in the 5 and 10 per cent homogenates and was already 
somewhat decreased in the 20 per cent homogenate. In the 30 per 
cent homogenate the decrease in the formaldehyde concentration 
during this time was relatively great, indicating more rapid 
utilization than formation of formaldehyde. During the second 
hour of incubation the formaldehyde concentrations still increased 
somewhat in the two more dilute homogenates and the decrease 
continued in the two more concentrated homogenates. In the 
latter all the methanol also was utilized during this time and thus 
the formation of formaldehyde ceased. 

It is difficult to estimate the extent to which the methanol 
which has become bound to the homogenate can be oxidized to 
formaldehyde during the incubation. Comparison of the curves 
for the accumulation of formaldehyde in 30 per cent and 20 per 
cent homogenates and the corresponding methanol concentration 
curves suggests that also the bound methanol may be oxidized 
to formaldehyde at least in part. 

The tissue blank values in both the formaldehyde and the 
methanol determinations were naturally considerably higher in 
the more concentrated homogenates, and correspondingly the use 
of direct determinations for formaldehyde and methanol without 
previous distillation did not give as good results as in the more 
dilute homogenates. This disadvantageous effect on the formal- 
dehyde and methanol determinations and the binding of consider- 
able amounts of methanol into the concentrated homogenates 
rendered the quantitative evaluation of the results somewhat 
difficult, and it was therefore considered more convenient to 
use 5 or 10 per cent homogenates. With these homogenate con- 
centrations the reactions could still be followed very well and the 
effect of the binding of methanol to the homogenate was of much 
smaller magnitude. The tissue blanks also were reasonably small 
to permit direct determinations of formaldehyde and methanol. 


Effect of Substrate Concentration 


Time curves for the utilization of methanol in guinea pig liver 
homogenates using variable initial concentrations of methanol 
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Fig. 10. — Utilization of methanol in guinea pig liver homogenate incubated 
with varying amounts of methanol. Ordinate: Concentration of methanol. Ab- 
scissa: Incubation time. Substrate: Curve 1, 1600 yg of methanol; curve 
2, 800 ug of methanol; curve 3, 400 wg of methanol; curve 4, 250 yg of 
methanol; curve 5, 125 ug of methanol. 10 ml of 10 per cent homogenate in 
0.1 M potassium phosphate buffer pH 7.4. Total volume 11 ml. Incubated at 
37°. Gas phase: air. 

Fig. 11. — Accumulation of formaldehyde in guinea pig liver homogenate 
incubated with varying amounts of methanol. Same experiments as in fig. 10. 
Ordinate: Amount of formaldehyde accumulated. Abscissa: Incubation time. 


are presented in figure 10. It is seen that amounts of methanol up 
to 250 ug, corresponding to a molar concentration of 10-3 M in 
the reaction mixture, were practically totally utilized during the 
incubation period of 30 minutes. When larger amounts of methanol 
were added increasing portions of methanol were recovered un- 
changed after 120 minutes’ incubation. Thus the percentile utili- 
zation was smaller with higher methanol concentrations. 

The accumulation of formaldehyde in these experiments is 
recorded in figure 11. The maximum accumulation was attained 
a little later than during the maximum utilization of methanol. 
At 60 minutes the accumulation of formaldehyde was decreased 
in all experiments, indicating more rapid utilization than for- 
mation of formaldehyde. 
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«! Fig. 12. — Utilization of methanol in rat liver homogenate incubated with 
varying amounts of methanol. Ordinaie: Amount of methanol utilized. Ab- 
scissa: Methanol initially. Experimental conditions as in fig. 10. Incubated 
ed for 90 min. 


b- Fig. 13. — Accumulation of formaldehyde in rat liver homogenates incubated 
ve with varying amounts of methanol. Ordinate: Amount of formaldehyde accu- 
of | mulated. Abscissa: Methanol initially. Same experiments as in fig. 12. 

in 

at | 

: The effect of the initial substrate concentration on the utiliza- 


tion of methanol and the accumulation of formaldehyde in rat 
| liver homogenates is presented in figures 12 and 13. Saturation 
with substrate was attained already at about 1 000 wg of methanol. 
The ratio between the amounts of utilized methanol and accu- 


p 

n | mulated formaldehyde was remarkably constant after satura- 
e | tion was attained. In some similar experiments using methanol 
in amounts up to 100 mg the utilization of methanol and 


accumulation of formaldehyde began to decrease when more 
than 25 mg of methanol was used, but this was not seen cons- 
tantly. 

In most of the experiments in this study 1 600 wg of methanol 
was used as substrate, corresponding to a concentration of 14 mg 
; per 100 ml of reaction mixture or to 160 mg per 100 g tissue in 
a 10 per cent homogenate. Such concentrations can well be 
attained in in vivo experiments and they were found to be of 
rather low toxicity. 
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UTILIZATION OF METHANOL AND ACCUMULATION OF FORMALDE- 
HYDE IN HOMOGENATES OF OTHER TISSUES 


Since most of the experiments recorded in this study were 
made with liver tissue homogenates, comparative studies on the 
utilization of methanol and the accumulation of formaldehyde 
in other tissues were made. 

The results of a representative series of experiments on homog- 
enates made from various guinea pig tissues are recorded in 
table 6. Pooled tissues from three animals were used for the prep- 


TABLE 6 


Utilization of methanol and accumulation of formaldehyde in homogenates 
of different guinea pig tissues 
10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 4000 ug of methanol. Total volume 11 ml. Incubated 
for 90 minutes at 37°. Gas phase: air. 


| Methanol Formaldehyde 

Tissue utilized accumulated 

| ug 
Kidney . 530 20 
Spleen 460 28 
Heart muscle. 40 5 - 
Skeletal muscle 0 1 


aration of the homogenates. Three different incubations were 
simultaneously carried out with each tissue, one incubation being 
done without added substrate as a control for possible endogenous 
variations during the incubation. Similar results were obtained in 
corresponding experiments with the same tissues of other guinea 
pigs. No significant differences were noted in the relative activities 
of the tissues of guinea pig and rat, but the absolute values tended 
to be somewhat higher in rat tissues; however, there were con- 
siderable variations in these results. In table 7 are presented the 
results of a series using rat tissues. 

Liver tissue was found to be superior to other tissues in its 
ability to utilize methanol. The accumulation of formaldehyde 
was likewise highest in the liver homogenates. 
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TABLE 7 


Utilization of methanol and accumulation of formaldehyde in homogenates 
of different rat tissues 


Experimental conditions as in table 6. Substrate 4 000 ug of methanol. 


Methanol Formaldehyde 
Tissue | utilized | accumulated 

ug } 4g 
Heart muscle ................ 30 8 
Skeletal muscle .............. 0 0 


However, other tissues can also utilize methanol but at a lower 
rate. Kidney cortex homogenates can utilize methanol, although 
at a rate which is about one-third of that of liver tissue homog- 
enates. Despite the considerable utilization of methanol, only 
small amounts of formaldehyde were accumulated in most kidney 
cortex homogenates, which seems to indicate highly active utili- 
zation of formaldehyde in the kidney tissue. Spleen tissue was 
found to be very active in the utilization of methanol in some 
preparations. In some animals this utilization was greater than 
in kidney homogenates, but in others there was only a negligible 
utilization of methanol. Some methanol was also utilized in 
homogenates of testis tissue. 

The ability of lung tissue homogenates to utilize methanol 
and the accumulation of formaldehyde varied very much in the 
different preparations, but some utilization was always present. 
This activity of lung tissue, which is usually considered rather 
inert in metabolic reactions, is remarkable. In most preparations 
the accumulation of formaldehyde in comparison to the amount of 
methanol utilized was much greater in lung tissue homogenates 
than in liver and kidney tissue homogenates. 

Although muscle tissue is generally regarded as very active 
metabolically, homogenates from skeletal muscle could not utilize 
methanol in demonstrable amounts. Heart muscle homogenates 
had a slight activity in utilizing methanol, and some formaldehyde 
was accumulated. Homogenates of brain tissue showed no activity 
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in the utilization of methanol. Neither was any formaldehyde 
obtained when brain homogenates were incubated with methanol. 
The brains from a total of 6 guinea pigs and 6 rats were studied 
in this respect. 


EFrect oF ADDED METABOLIC COFACTORS AND INHIBITORS ON 
THE UTILIZATION OF METHANOL AND ACCUMULATION OF FoRMAL- 
DEHYDE IN TISSUE HOMOGENATES 


Effect of Cofactors 


The effect of various known metabolic cofactors has been 
studied in order to obtain information on their possible réle in 
these reactions. It was the purpose to study especially if the 
accumulation of formaldehyde can be prevented by the addition 
of some cofactor. It had namely been observed in the in vivo 
experiments which are described in the second part of this report 
that no formaldehyde was accumulated in the blood of animals 
metabolizing methanol. 


TABLE 8 


Utilization of methanol and accumulation of formaldehyde in guinea pig liver 
homogenates incubated with various cofactors 


5 ml of 20 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 2 000 wg of methanol. Buffer ad 10 ml. Incubated for 
$0 min. at 37°. Gas phase: air. GSH = 1 mg reduced glutathione; DPN 
= 1 mg diphosphopyridine nucleotide; ATP = 5 mg adenosine triphosphoric 
acid, Na salt; cytochrome c = 1.5 mg Me I c; DPT = 0.5 mg di- 


phosphothiamine; Mg++ = 5 mg MgSO, -: 7 H,O. 
Methanol Formaldehyde 
Additions utilized accumulated 
| ue ug 
None. Boiled homogenate ...... 4 2 
784 110 
Cytochrome 857 107 
766 140 
GSH, DPN, ATP, DPT, Mgt+, 
cytochrome c .............. 900 93 
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In table 8 are presented the results of a series of aerobically con- 
ducted experiments in which various metabolic activators and 
their combinations were added to guinea pig liver homogenates 
utilizing methanol during an incubation period of 90 minutes. 
These include diphosphopyridine nucleotide, adenosine triphos- 
phate, diphosphothiamine, reduced glutathione, cytochrome c 
and magnesium ions. It is seen that none of these activators or 
their combinations had any distinct effect either on the utiliza- 
tion of methanol or on the accumulation of formaldehyde. The 
addition of adenosine triphosphate alone or in combinations 
resulted, it is true, in a slight depression of the accumulation of 
formaldehyde, but the results were not conclusive. 

In the experiments with guinea pig liver homogenate recorded 
in table 9 the formaldehyde determinations were made 60 and 
120 minutes after the beginning of the incubation. The combina- 
tion of adenosine triphosphate and diphosphopyridine nucleotide 
caused also here a slight depression of the accumulation of formal- 
dehyde. This effect, however, varied greatly in the different 
preparations. 


TABLE 9 


Accumulation of formaldehyde in guinea pig liver homogenates incubated 
with methanol and various cofactors 
10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 1000 ug of methanol. Total volume 12 mJ. Incubation 
temperature 37°. Gas phase: air. Additions: 2.5 mg ATP; 2 mg DPN; 
1.25 ug vitamin B,,; 100 wg pteroylglutamic acid (PGA). 


Formaldehyde 

accumulated in 
60 min. 120 min. 

| ug ug 
1 None 27 85 
2 None 19 81 
3 None 26 82 
4 DPN 25 77 
5 ATP 20 72 
6 DPN, ATP 16 64 
7 DPN, ATP 16 70 
8 By 28 85 
9 12 27 93 
10 PGA 22 78 
11 PGA 25 75 
12 PGA, ATP 12 68 
13 PGA, ATP 10 64 
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In experiments 6—13 (table 9) the effect of added pteroylglu- 
tamic acid was studied. The addition of pteroylglutamic acid alone 
resulted in only a slight decrease in the accumulation of formal- 
dehyde. A somewhat more marked decrease was obtained when 
also adenosine triphosphate was added. 

The addition of vitamin B,, did not affect the accumulation of 
formaldehyde in these preparations (experiments 14—15, table 9). 

In contrast to the results for liver homogenates, the addition 
of a mixture of adenosine triphosphate and diphosphopyridine 
nucleotide to rat or guinea pig lung tissue homogenate approxi- 
mately doubled the accumulation of formaldehyde. The utiliza- 
tion of methanol increased about 30 per cent. This effect was 
constant in all the lung tissue homogenates studied. Similar results 
were obtained with homogenates of guinea pig heart muscle. No 
effect was seen with homogenates of guinea pig kidney. 


Effect of Inhibitors 


The effect of various concentrations of cyanide, malonate and 
monoiodoacetate on the metabolism of methanol was studied in 
aerobically incubated guinea pig liver homogenates (table 10). The 
values for the inhibitors refer to their molar concentrations in 
the reaction mixture. 

Cyanide inhibited the utilization of methanol already in rather 
low concentrations. With 0.0001 M cyanide the inhibition was 
about 50 per cent. However, cyanide did not totally suppress 
the utilization of methanol, and some methanol was still utilized 
when the concentration of cyanide was 0.0050 M. The accumula- 
tion of formaldehyde was totally abolished in 0.0005 to 0.0050 M 
cyanide, and in 0.0001 M cyanide the decrease in the accumula- 
tion was about 50 per cent, or the same as the inhibition of the 
utilization of methanol. The effect of cyanide in abolishing the 
accumulation of formaldehyde was not necessarily of enzymic 
nature. Cyanide is namely known to react with formaldehyde to 
form cyanhydrine, and in dilute formaldehyde solutions this 
reaction is quantitative and serves also as the principle in Ro- 
MIJN’S (1877) method for the quantitative determination of form- 
aldehyde. The absence of an accumulation of formaldehyde when 
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TABLE 10 
Effect of various inhibitors on the utilization of methanol and accumulation 
of formaldehyde in guinea pig liver homogenate 
10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 1 600 ug of methanol. Total volume 12 ml. Incubated 
for 90 minutes at 37°. Gas phase: air. 


| Final con | scethano! | Formaldehyde | 
No. | Inhibitor | centration | “vtitizea | Inhibition accumulated. | Inhibition 
M Hg per cent ug | per cent 
| | 
1 |None 1110 136 
2 » 1110 138 
3 |Iodoacetate 0.001 450 59 60 56 
4 » 0.005 260 77 66 52 
5 » 0.010 300 73 78 43 
6 |Malonate 0.005 590 47 89 35 
7 » 0.010 590 7 64 53 
8 » 0.050 190 83 0 100 
9 |Cyanide 0.0001 545 51 72 47 
10 » 0.0005 228 80 0 100 
14 » 0.0010 180 84 0 100 
12 | » 0.0050 124 89 0 100 


larger amounts of cyanide were present may thus also be due to 
this reaction. 

Malonate in a concentration of 0.050 M suppressed the utiliza- 
tion of methanol about 80 per cent and no formaldehyde was 
found to accumulate. The inhibition was smaller at lower malonate 
concentrations, and also some formaldehyde was then accumulated. 

When 0.010 M monoiodoacetate was employed the utilization 
of methanol was inhibited about 75 per cent. The percentile 
inhibition of methanol utilization was practically the same at 
all the monoiodoacetate concentrations studied, indicating that 
the inhibition was non-specific and not due to direct inhibition 
of the methanol-utilizing enzymes. The accumulation of formal- 
dehyde was diminished about 45 per cent in 0.0001 M mono- 
iodoacetate, and this depression was probably to a great extent 
due to the diminished formation of formaldehyde from methanol. 
However, monoiodoacetate apparently inhibits somewhat also 
the enzyme systems responsible for the utilization of formalde- 
hyde since, when its concentration was raised, the accumulation 
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of formaldehyde increased although the utilization of methanol 
and therefore also the formation of formaldehyde decreased. 

Disulfiram (tetraethylthiuram disulphide, antabuse) is of 
special interest in studies of the alcohol metabolism. It has been 
found to inhibit in vitro most of the enzymes responsible for the 
oxidation of aldehydes in the animal organism (KJELDGAaRD 
1949, RicHERT, VANDERLINDE and WEsSTERFELD 1950, GRAHAM 
1951, NyGaarp and SuMNER 1952), and the administration of 
disulfiram in vivo before or simultaneously with ethanol causes 
accumulation of acetaldehyde in the blood (Larsen 1948). 

The poor solubility of disulfiram has rendered its use in in 
vitro experiments difficult. Its solubility in water is according 
to KyELDGAARD (1949) only about 40 wg per ml. In the present 
experiments, 0.25 mg of disulfiram per ml was homogenized with 
the tissue. The same technique was used by RicueErt ef al. (1950), 
who obtained a marked inhibition of the liver xanthine oxidase 
and succinoxydase systems. The protein-free filtrate of the homog- 
enate prepared with disulfiram yielded an intense green colour 
with copper sulphate, indicating that there was disulfiram in the 
solution (HaLp, JAcoBSEN and Larsen 1948). 

The effect of disulfiram on the in vitro metabolism of methanol 
was studied in guinea pig liver homogenates (table 11). In these 
experiments disulfiram had a rather marked depressing effect on 
the utilization of methanol. The accumulation of formaldehyde 


TABLE 11 


Effect of disulfiram on the utilization of methanol and accumulation of 
formaldehyde in homogenates of guinea pig liver tissue 
10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Total volume 11 ml. Substrate 3 200 ug of methanol. Disulfiram 
homogenized with the tissue. Incubated for 90 minutes at 37°. Gas phase: air. 


| | Methanol | Formaldehyde 

No. Additions | utilized accumulated 
| ug ug 
3 |2.5mg disulfram .................. 385 84 
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was depressed by a much smaller percentage, indicating that the 
enzyme system responsible for the utilization of formaldehyde 
was also somewhat affected by disulfiram. 


EFFECT OF ETHANOL ON THE UTILIZATION OF METHANOL AND 
ACCUMULATION OF FORMALDEHYDE 


In view of the many, and in part contradictory, statements in 
the literature concerning the effect of ethanol in methanol poison- 
ing, it was very interesting to study the effects of ethanol also in 
in vitro systems. 

The addition of ethanol to guinea pig and rat liver homogenates 
incubated aerobically with methanol resulted in a marked de- 
crease both in the utilization of methanol and in the accumula- 
tion of formaldehyde. This effect was seen when the molar ratio 
of ethanol to methanol was 1:2 or more. With a lower molar 
ratio no effect or only a negligible one was seen. 

In table 12 are presented the results of a series of experiments 


TABLE 12 


Effect of ethanol on the utilization of methanol and accumulation of formal- 
dehyde in homogenates of guinea pig liver tissue 
10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Total volume 12 ml. Incubated for 90 minutes at 37°. Gas phase: 
air. Same homogenate was used in all experiments. 


| Rthanot | Methanol Inhibition |"yecumulated | Inhibition 
ug umoles | ug per cent | ug | Per cent 
800 (25 uwmoles) 0 442 | 75 
, 50 304 | 34 65 | 45 
» 100 54 47 | 37 
» 200 115 oT 30 60 
» 300 | 92 799 «| 21 | 72 
1600 (50 umoles) 0 | 639 445 | 
» | 50 559 13 109 5 
» 100 | 406 83 | 98 
» 200 242 62 53 | & 
» 300 176 73 39 
3200 (100 | 1051 467 | 
» | 50 787 25 152 9 
» 100 | 544 48 143 14 
» | 200 408 64 | 109 34 
> | 300 326 69 | 70 58 
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in which the inhibitory effect of ethanol on the utilization of 
methanol was studied in aerobically incubated guinea pig liver 
homogenate. Three concentrations of methanol and four con- 
centrations of ethanol were used. In these experiments the per- 
centage of inhibition of methanol utilization was higher than the 
percentage of decrease in the accumulation of formaldehyde. 

When the values for the utilization of methanol in these ex- 
periments are plotted according to LINEWEAVER and Burk (1934) 
< as cordinates, where V = reaction velocity (cor- 
responding to the utilization of methanol) and S = substrate 
concentration, we get the curves shown in figure 14. From these 
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Fig. 14. 


Fig. 14. — Inhibition by ethanol of the utilization gf methanol in guinea 
pig liver homogenates. Data from table 12. Ordinate: Reciprocal of the utili- 
zation of methanol in wg X 10-*. Abscissa: Reciprocal of the initial con- 
centration of methanol in moles x 10-*. Curve 1, control; curve 2, 50 
umoles of ethanol; curve 3, 100 moles of ethanol; curve 4, 200 moles of 
ethanol; curve 5, 300 moles of ethanol. 


curves it can be concluded that the inhibition caused by ethanol 
is most likely of a competitive nature. 

Similar results have also been obtained with guinea pig kidney 
cortex homogenates. 
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| UrmizaTION OF METHANOL AND ACCUMULATION OF FORMALDE- 
HYDE IN LIVER SLICES 


iver 
on- | 
=“ Many metabolic reactions are known to occur more readily in 
the | tissue slices than in homogenates. This is thought to be due to 
de the more intact intracellular organization in the slices. The me- 


} tabolism of methanol was studied also in liver slices, especially 
in order to see whether formaldehyde accumulates also in tissue 
slices when incubated with methanol. 

Rat liver slices utilized readily methanol (table 13). About 50 
ase 
TABLE 13 


Utilization of methanol and accumulation of formaldehyde in rat liver slices 
incubated with methanol 


1g of slices (wet weight) in 0.1 M potassium phosphate buffer pH 7.4. 
Total volume 11 ml]. Substrate 1 600 ug of methanol. Incubation tempera- 
ture 37°. Gas phase: air. 


| Methanol utilized Formaldehyde accumulated 
in in 


a. 30 min. 90 min. "30 min. 90 min. 
ug ug ug ug 


386 838 17 33 
285 500 20 25 
364 870 17 34 
415 810 


per cent of the added 1 600 ug of methanol was utilized during the 
incubation for 90 minutes at 37°. Formaldehyde accumulated 
also in the rat liver slices utilizing methanol. The magnitude of 
} this accumulation, however, was smaller than in the correspond- 
ing experiments with liver homogenates. After incubation for 90 
minutes about 5 per cent of the methanol utilized up to that 
time was accumulated as formaldehyde. 

1 Corresponding experiments were made also with slices from 
guinea pig liver tissue (table 14). As in the case of homogenates, 
the utilization of methanol in guinea pig tissue preparations was of 
a smaller magnitude than that in the corresponding rat tissue 
preparations. During incubation for 90 minutes only 20 per cent of 
+ | the added 1 600 ug was utilized in slices from guinea pig liver; 
the utilization in rat liver slices was 50 per cent. The accumulation 
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TABLE 14 


Utilization of methanol and accumulation of formaldehyde in guinea pig 
liver slices incubated with methanol 
1 g of slices (wet weight) in 0.1 M potassium phosphate buffer pH 7.4. 
Total volume 11 ml. Substrate 1600 ug of methanol. Incubated at 37° 
for 90 minutes. Gas phase: air. 


| 


Methanol | Formaldehyde 
No. utilized accumulated 
ug ug 
1 286 9 
2 438 “6 
3 352 8 
4 450 15 


of formaldehyde was negligible in these experiments with guinea 
pig liver, but traces of formaldehyde were always found. 

The dependence of the utilization of methanol and the accu- 
mulation of formaldehyde on the pH of the reaction mixture was 
studied also in guinea pig liver slices (figures 15 and 16). In these 
experiments the incubation time was 180 minutes and the sub- 


CH,OH 
HCHO 
1500 + 200 
vg 
1000 
100 }— 
500 + 
8 9 pH 8 9 
Fig. 15. Fig. 16. 


Fig. 15. — Effect of pH on the utilization of methanol in guinea pig liver 
slices. Ordinate: Amount of methanol utilized. Abscissa: pH of buffer. 2 g 
of slices (wet weight) in 10 ml of 0.1 M buffer. 0 = Sérensen’s phosphate buf- 
fer; @ = pyrophosphate buffer. Substrate: 3 200 ug of methanol. Total volume 
11 ml. Incubated for 180 minutes at 37°. Gas phase: air. 

Fig. 16. — Effect of pH on the accumulation of formaldehyde in guinea 
pig liver slices incubated with methanol. Same experiments as in fig. 15. 
Ordinate: Amount of formaldehyde accumulated. Abscissa: pH of buffer. 
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strate amount 3200 wg of methanol. Under these conditions 
considerable amounts of formaldehyde were accumulated. The 
pH curve for the accumulation of formaldehyde was quite similar 
to the corresponding curve obtained for liver homogenates. As in 
the experiments with the homogenate technique, a small difference 
between ordinary phosphate and pyrophosphate buffers was noted 
also here. The pH dependence of the utilization of methanol in 
liver slices was also similar to that in liver homogenates. 

The ageing of the liver homogenate resulted in an increased 
accumulation of formaldehyde without any effect on the utili- 
zation of methanol. Corresponding studies were also made by the 
tissue slice technique, where the tissue used was stored for various 
lengths of time before the preparation of slices. This effect of 
the time interval between the killing of the animal and the 
beginning of the incubation was investigated using guinea pig 
liver tissue. The tissue was stored in a refrigerator at + 2°. After 
various time intervals a part of the tissue was sliced and the 
slices were immediately used for the experiments. The time 
intervals in table 15 refer to the time between the killing of the 


TABLE 15 


Effect of ageing of the tissue on the utilization of methanol and accumulation 
of formaldehyde in slices from guinea pig liver tissue 
Tissue stored at +2° and sliced after various time intervals. 2 g of slices 
(wet weight) in 10 ml 0.4 M Sorensen’s phosphate buffer pH 7.4. Total 
volume 11 ml. Substrate 3 200 ug of methanol. Incubated for 180 minutes 
at 37°. Gas phase: air. 


Methanol | Formaldehyde 

No. Tissue ageing time utilized accumulated 
min. ug | ug 
1 25 1910 260 
2 90 1620 290 
3 235 1730 405 
4 15 1870 235 
5 120 1950 300 
6 300 1700 445 


animal and the beginning of the incubation. The livers of two 
animals were used, experiments 1—3 being made with the one 
liver and experiments 4—6 with the other. 

The ageing of the tissue increased the accumulation of formal- 
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dehyde from methanol! in these experiments. This increase was 
55 per cent in the first group, in which the tissue was stored for 
235 minutes, and 90 per cent in the second group, in which the 
storage time was 300 minutes. In the utilization of methanol, 
on the other hand, there was no clear correlation to the storage 
time of the tissue, all the values being of about the same magnitude. 

Tissue blanks without added substrate were run for each ex- 
periment. The values for both formaldehyde and methanol in 
these blanks increased with increase in the storage time of the 
tissue. However, after incubation these values were of about the 
same magnitude both in aged and fresh preparations, indicating 
that the substances responsible for the greater blank values in the 
unincubated samples were apparently metabolized during the 
incubation. All these blank values were so small that they had no 
effect upon the final results. 


UTILIZATION OF FORMALDEHYDE IN TISSUE HOMOGENATES 


The accumulation of formaldehyde during the utilization of 
methanol in animal tissue preparations was studied in the pre- 
ceding sections of this investigation. This accumulation of formal- 
dehyde indicates that the utilization of formaldehyde apparently 
is a rate-limiting reaction in these preparations. The experiments 
recorded in this section were made in order to study the utilization 
of added formaldehyde in homogenates of animal tissue. 

In figure 17, results are presented for a representative series 
of experiments where 400 wg and 100 wg of formaldehyde were 
incubated in air with a 10 per cent homogenate of rat liver tissue. 
The concentration of formaldehyde in the incubation mixture 
was determined after various time intervals. It is seen that formal- 
dehyde was readily utilized in these preparations. The utilization 
was most rapid during the first 30 minutes of incubation and 
then slowed down. At 120 minutes about 75 per cent of the formal- 
dehyde present at 0 minute had disappeared in the experiments 
in which 400 wg were added. The corresponding disappearence 
was 90 per cent when 100 wg were added. The utilization of formal- 
dehyde was considerably slower when the added amount was 
smaller. 
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Fig. 17. — Utilization of formaldehyde in rat liver homogenate. Ordinate: 
Concentration of formaldehyde. Abscissa: Incubation time. 10 ml of 10 per 
cent homogenate in 0.1 M potassium phosphate buffer pH 7.4. Total volume 
11 ml. Substrate: 400 ug and 100 ug of formaldehyde. Smaller circles indicate 
boiled homogenate. Incubated for 120 minutes at 37°. Gas phase: air. 

Fig. 18. — Utilization of formaldehyde in rat kidney cortex homogenate. 
Ordinate: Concentration of formaldehyde. Abscissa: Incubation time. 5 per 
cent homogenate. Substrate: 400 ug of formaldehyde. Experimental conditions 
otherwise as in fig. 17. 


Boiled homogenates did not utilize formaldehyde. This can be 
regarded as an indication of the enzymic nature of the disappear- 
ance of formaldehyde in the unboiled homogenates. A fraction 
of formaldehyde is apparently bound to the protein and other 
constituents of the homogenates, as is seen from the difference 
between the amounts of added formaldehyde and formaldehyde 
recovered at 0 minute. However, this difference was of about the 
same magnitude in the boiled and unboiled homogenates of the 
same concentration and the results can therefore be regarded as 
comparable. 

In another series using rat liver homogenates where formalde- 
hyde was incubated with a 10 per cent rat liver homogenate and * 
determinations were made only at 0 and 180 minutes it was found 
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that the added 100 ug of formaldehyde totally disappeared during 
180 minutes’ incubation in air. Of 400 wg added formaldehyde 
about 5 per cent was recovered after this incubation period. 

Formaldehyde can also be utilized by homogenates from rat 
kidney cortex tissue (figure 18). The concentration of the homog- 
enate used was 5 per cent; otherwise the conditions were the same 
as above. The amount of formaldehyde bound non-enzymically was 
smaller in these more dilute preparations. The disappearance of 
formaldehyde was more linear in these preparations than in liver 
homogenates. During the incubation period of 120 minutes about 
25 per cent of the formaldehyde found at 0 minute had disap- 
peared when 400 wg had been added. 

Experiments were also made with a 5 per cent rat lung tissue 
homogenate (figure 19). Here the amount of non-enzymically bound 
formaldehyde was only about 10 per cent of the added 100 yg. 
During the incubation of 120 minutes about 50 per cent of the 
formaldehyde had disappeared. 


re) i 4 | 
° 30 60 90 120 Min 


Fig. 19. 


Fig. 19. — Utilization of formaldehyde in rat lung tissue homogenate. Or- 
dinate: Concentration of formaldehyde. Abscissa: Incubation time. 10 ml of 
5 per cent homogenate in 0.1 M potassium phosphate buffer pH 7.4. Total 
volume 11 ml. Substrate: 100 ug formaldehyde. Smaller circles indicate boiled 
homogenate. Incubated for 120 minutes at 37°. Gas phase: air. 
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TABLE 16 


Utilization of formaldehyde in homogenates of guinea pig liver tissue 

40 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 400 ug of formaldehyde. Total volume 11 ml. Gas phase: 
air. Incubation temperature 37°. 


Formaldehyde 
recovered } Difference 
0. 0 min. 90 min. ug 
ug ug | 
1 295 96 199 
2 280 100 180 
3 265 80 185 
41 270 255 15 


1 Boiled homogenate 


In table 16 are presented the results of experiments with homog- 
enates from guinea pig liver tissue. A 10 per cent homogenate 
was used and the conditions were the same as in experiments 
with rat liver. The ability of guinea pig liver homogenates to 
utilize formaldehyde was of the same magnitude as that of rat 
liver homogenates. 

To study the effect of added methanol and ethanol on the utili- 
zation of formaldehyde the experiments recorded in table 17 were 
made. In these experiments methanol or ethanol was added with 
the formaldehyde when incubation was started and the utilizations 
of formaldehyde and methanol were determined after 90 minutes. 
The addition of 50 or 100 wmoles of ethanol had no effect on the 
utilization of formaldehyde. When corresponding amounts of meth- 
anol were added there was a definite decrease of the difference 
in the formaldehyde concentrations at 0 and 90 minutes. This was 
at least partly due to the formaldehyde formed from methanol 
during the incubation, as a result of which much more formaldehyde 
was actually utilized than is evident from the figures in table 17. 

The utilization of methanol should decrease when formalde- 
hyde is added if formaldehyde is in fact an intermediary product 
in this reaction. From table 17 it is seen that the addition of 
500 ug of formaldehyde diminished the utilization of 1 600 ug 
of methanol by about 50 per cent. 

The effect of disulfiram on the utilization of formaldehyde in 
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TABLE 17 
Effect of added methanol and ethanol on the utilization of formaldehyde in 
guinea pig liver homogenates 


40 ml of 10 per cent homogenate in 0.1 M potassium phospate buffer 
pH 7.4. Total volume 12 ml. Incubated at 37°. Gas phase: air. 


recovere ethanol 
Difference tilized 
| ug 
4 00ag HCHO ............ 356 89 —267 
2 (500ee HCHO ............ 380 98 —282 
3 |1600ug CH,OH .......... 2 95 + 93 650 
4& |3200ug CH,OH ........... 2 108 +106 882 
5 |500 ug HCHO + 1600 ug 
6 |500 ug HCHO + 3200 ug 
7 |500 ug HCHO + 2300 ug | 
384 107 —277 | 
8 |500 ug HCHO + 4600 ug | 


guinea pig liver homogenates is presented in table 18. Although 
the utilization of formaldehyde was smaller in the homogenates 
incubated with disulfiram, this difference can hardly be considered 


significant. 
TABLE 18 

Effect of disulfiram on the utilization of formaldehyde in guinea pig liver 
homogenates 


10 ml of 10 per cent homogenate in 0.1 M potassium phosphate buffer 
pH 7.4. Substrate 500 ug of formaldehyde. Total volume 11 ml. Disulfiram 
was homogenized with the tissue. Gas phase: air. 


| Formaldehyde recovered — | 

No. Additions 90 min. pion 

ug ug 

2 380 98 282 

3 |2.5mg disulfiram........ 400 170 230 

4 » s 356 110 246 

5 396 136 260 

6 370 130 240 


70 


| 


) 


| fail 

also 

also 

util 
| } rem 
peri 

of t 

of f 
cent 

all 
| the 
met 
T 
ates 
alde 

met 

tion 

| met 

the 

mar 

: | cofa 
be 
| in t 

L 

met 

| Ho 
sider 
tissu 

mus 

| 


de in 


uffer 


ee 


| 


) 


DISCUSSION 


The results of the present experiments demonstrate clearly that 
homogenates of rat and guinea pig liver can readily utilize meth- 
anol. The enzymic nature of this utilization was shown by the 
failure of the boiled homogenates to utilize methanol, and it had 
also other characteristics of enzymic reactions. Formaldehyde was 
also found to be accumulated in the reaction mixture during the 
utilization of methanol. The accumulation of formaldehyde ran 
remarkably parallel with the utilization of methanol in all ex- 
periments. It would thus be possible to obtain some information 
of the utilization of methanol by following only the accumulation 
of formaldehyde. The amount of formaldehyde recovered at any 
time from the reaction mixture has been maximally 10—20 per 
cent of the methanol utilized up to that time. If we assume that 
all the methanol was utilized via formaldehyde as an intermediate, 
the greatest part of the formed formaldehyde must have been 
metabolized further in the homogenates. Some of it was probably 
also bound non-enzymically to the homogenate. 

There was considerable variation in the activity of homogen- 
ates prepared at different times, especially in the amount of form- 
aldehyde accumulated as compared to the amount of utilized 
methanol. This variation was probably at least in part due to 
greater lability of the enzyme systems responsible for the utiliza- 
tion of formaldehyde in comparison to the enzymes which utilize 
methanol. This was demonstrated in the experiments in which 
the homogenates were aged before incubation, which increased 
markedly the accumulation of formaldehyde without any clear 
effect on the utilization of methanol. A partial inactivation of 
cofactors necessary for the utilization of formaldehyde may also 
be responsible for this increased accumulation of formaldehyde 
in the aged homogenates. 

Liver tissue homogenates were most active in the utilization of 
methanol. However, other tissues could also utilize methanol. 
Homogenates of the kidney, spleen and lung tissues had con- 
siderable activities, and homogenates of testis and heart muscle 
tissues also had some activity. Homogenates of brain and skeletal 
muscle tissues did not utilize methanol. This inactivity of brain 
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tissue is remarkable in view of the special neurotoxicity of meth- was CO 


anol. The relative capacities of methanol utilization of different 
tissues are well in accordance with the results of BARTLETT (1950 a), 
who studied the oxidation of isotope-labelled methanol into carbon 
dioxide in slices of rat liver, kidney, heart muscle, diaphragm and 
brain tissues. Slices of rat lung tissue are able to oxidize ethanol 
(Masoro and ABRAMOowITCH 1953, Masoro, ABRAMOWITCH and 
BIRCHARD 1953) but slices of rat spleen tissue have had no ethanol 
oxidizing activity (LELoriR and MuNoz 1938). In the present 
work, rat tissues utilized generally somewhat more methanol 
than guinea pig tissues, although the relative capacities of differ- 
ent tissues were same in both species. NyBERG, SCHUBERTH and 
AnaGArp (1953) found no measurable quantities of alcohol de- 
hydrogenase in guinea pig liver and only very small quantities 
in rat liver, which may partly explain these differences. 

The failure of the various cofactors to influence the utilization 
of methanol and the accumulation of formaldehyde in liver homog- 
enates indicates that these homogenates contain enough of these 
cofactors for the utilization of methanol and formaldehyde. Fur- 
ther studies with dialysed and more purified preparations are 
needed to settle which cofactors are in fact directly concerned 
with these reactions. The decrease in the accumulation of form- 
aldehyde in liver homogenates caused by the addition of adenosine 
triphosphate and pteroylglutamic acid may be due to the stim- 
ulation by adenosinetriphosphate of the transformation of pter- 
oylglutamic acid to tetrahydropteroylglutamic acid, which can 
transfer hydroxymethyl groups to various acceptors (ALEXANDER 
and GREENBERG 1955). Lung and heart muscle homogenates, on 
the other hand, contained apparently not enough of endogenous 
diphosphopyridine nucleotide and adenosine triphosphate for max- 
imum utilization of methanol. In similar experiments with rat 
liver slices using ethanol as substrate the addition of diphos- 
phopyridine nucleotide also had no effect on,the utilization of 
ethanol (KERNER and WESTERFELD 1950). 

Ethanol caused a marked inhibition of the utilization of meth- 
anol in liver and kidney homogenates. When the data of experi- 
ments with liver homogenate were plotted according to LInEWEAV- 
ER and Burk (1934) it could be concluded that the inhibition 
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was competitive. These results are in agreement with those of the 
experiments of ZaTMAN (1946) and Barrett (1950 b), in which 
the amount of utilized methanol was determined indirectly. More 
ethanol, however, was needed in the present experiments to 
obtain a demonstrable inhibition. This is probably due to the 
different experimental techniques and tissue preparations used. 
The accumulation of formaldehyde was also diminished when 
ethanol was added, but the percentile inhibition was lower than 


' that of the utilization of methanol. Ethanol had, however, no 


effect on the utilization of added formaldehyde in liver homog- 
enates. The most natural explanation for the effect of ethanol 
on the utilization of methanol would be a competitive inhibition 
of the oxidation of methanol by alcohol dehydrogenase, as has 
been suggested by ZaTMAN (1946). 

The inhibitory effects of cyanide, monoiodoacetate and mal- 
onate on the metabolism of methanol were probably mostly sec- 
ondary to the inhibition of other metabolic reactions and no 
definite conclusions can be drawn from them concerning the me- 
tabolism of methanol. The effect of cyanide was apparently due 
to the inhibition of cytochrome oxidase, which inhibits also the 
entire aerobic metabolism almost totally. The results for the 
utilization of methanol and the accumulation of formaldehyde in 
the presence of cyanide were quite similar to the values obtained 
under anaerobic conditions. Of the enzymes which can oxidize 
methanol, catalase is readily inhibited by cyanide (WaRBURG 1923). 
Liver alcohol dehydrogenase is not inhibited by cyanide under 
anaerobic conditions (LUTWAK-MANN 1938), which indicates that 
the inhibition seen in aerobic experiments is not due to the 
direct blocking of the alcohol dehydrogenase. The percentile in- 
hibition of methanol utilization caused by the special sulphydryl 
group inhibitor monoiodoacetate, was practically the same at 
all the iodoacetate concentrations indicating that the inhibition 
was not direct. Both liver alcohol dehydrogenase and catalase 
are known to be insensitive to monoiodoacetate (LUTWAK-MANN 
1938, BARRON and SINGER 1945). The apparent inhibition of the 
utilization of formaldehyde by monoiodoacetate may be specifi- 
cally due to inhibition of the glutathione-dependent formaldehyde 
dehydrogenase of StRITTMATTER and Ba t (1955). The dependence 
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of the utilization of methanol on the genera] tissue metabolism 
is also seen in the partial inhibition caused by malonate, which 
is known to inhibit competitively the succinodehydrogenase sys. 


tem (QuAsTEL and WootpripGE 1928) and thus also the citric | 


acid cycle. 
LeLorr and Munoz (1938) have obtained similar results in 
their studies on the effect of various inhibitors on the oxidation 


of ethanol in rat liver slices. Cyanide greatly diminished the | 
oxidation of ethanol but did not stop it completely. Mono. | 


iodoacetate and malonate were also inhibitory. 

Disulfiram inhibited markedly the utilization of methanol in 
liver homogenates, but caused only a slight depression of the 
utilization of formaldehyde. In earlier investigations disulfiram 
has been found to inhibit in vitro the enzymes concerned with 
the oxidation of acetaldehyde. According to KsELDGAARD (1949) 
disulfiram inhibits the action of the liver flavoprotein aldehyde 
oxidase already in very low concentrations. Liver xanthine oxidase 
(RICHERT, VANDERLINDE and WESTERFELD (1950), glyceralde- 
hyde-3-phosphate dehydrogenase (NYGAARD and SuMNER 1952) 
and the diphosphopyridine nucleotide-dependent aldehyde de- 
hydrogenase (GRAHAM 1951) are also inhibited by disulfiram. 
The inhibitory action of disulfiram, however, is not limited to 
these enzymes but it also causes a more marked inhibition of the 
endogenous respiration of rat liver homogenates than would 
be due to the inhibition of only the aforementioned enzymes 
(Epwarps 1949, RicHert ef. al. 1950). It has also been reported 
to inhibit the succinodehydrogenase system (RicHerT el. al. 
1950, GraHAm 1951, Gat and GREENBERG 1954, MUSTAKALLIO 
and SAIKKONEN 1955). The inhibition of the utilization of methanol 
observed in the present experiments may be explained by a 
general metabolic inhibition, but direct inhibition of the enzymes 
utilizing methanol is also possible. The dehydrogenation of ethanol, 
citrate and succinate is markedly depressed by disulfiram in rat 
liver homogenates (GRAHAM 1951, GAL and GREENBERG 1954). 
According to KyELDGAARD (1949), crystalline horse liver alcohol 
dehydrogenase is not sensitive to disulfiram but the disulfiram 
concentrations used by him were very small. 

The slight inhibition of the utilization of formaldehyde found 
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in the present experiments indicates that the above mentioned 
acetaldehyde oxidizing enzymes, which are sensitive to disulfiram, 
apparently play no great réle in the metabolism of formaldehyde 
although they are known to oxidize also formaldehyde. We have 
no knowledge of the possible effect of disulfiram on the specific 
formaldehyde dehydrogenase of SrrirrMATTER and Batt (1955). 

Slices and homogenates were about equally active in the utili- 
zation of methanol, which indicates that it is not to any great 
extent dependent on the integrity of the intracellular structures. 
Less formaldehyde was, however, accumulated in the reaction 
mixture when slices were used. LELorn and Munoz (1936) have 
made similar observations concerning the metabolism of ethanol. 
They found that appreciable quantities of acetaldehyde were 
accumulated in liver brei metabolizing ethanol, but not in liver 
slices. 

Homogenates of liver, kidney and lung tissues were able to 
utilize added formaldehyde enzymically. A part of the added 
formaldehyde was fixed non-enzymically to the homogenate. 
This non-enzymatic fixation of formaldehyde was of the same 
magnitude also in the control experiments in which boiled homog- 
enates were used. No additional disappearence of formaldehyde 
was seen in the boiled homogenates during the incubation, which 
indicates the enzymic nature of the utilization in unboiled homog- 
enates. In the experiments of BERNHEIM (1950) and MILLER 
(1953) formaldehyde was slowly oxidized in rat liver suspensions 
after an initial inhibition of the oxygen uptake. In the present 
experiments the utilization of formaldehyde was most rapid during 
the first 30 minutes of incubation and then slowed down. 


METABOLISM OF METHANOL IN VIVO IN RABBITS 


Rabbits were used as experimental animals in the in vivo studies, 
The elimination from the blood of small amounts of methanol ad- 
ministered perorally or intravenously was followed and the elimi- 
nation rate of methanol from the blood was determined. The effects 
of ethanol and disulfiram on the elimination of methanol from blood 
were also investigated. The possible formaldehyde content of blood 
was determined in all these experiments to find out if formaldehyde 
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can be demonstrated in blood after the administration of methanol, 
In some of the experiments the urinary excretion of methanol, 
formic acid and formaldehyde was also determined. 


ELIMINATION OF METHANOL FROM BLOOD 


Since information in the literature concerning the elimination 
of methanol from the blood is very limited and also rather conflic- 
ting it was considered advisable to study first the elimination of 
methanol from the blood of normal rabbits. 

Methanol was given per os by a stomach tube to 17 rabbits in 
doses of 0.8 to 3.8 g per kg of body weight. The methanol was 
first diluted with water to a concentration of 10 to 20 per cent. 
These methanol concentrations apparently caused no appreciable 
irritation of the stomach because no vomiting occurred in any 
of the cases. Some typical curves for the disappearance of methanol 
from the blood are presented in figures 20 and 21. 

In the experiments recorded in figure 20 the dosage of methanol 
per os varied from 3.8 to 2.4 g per kg of body weight. It is seen 


CH,OH 


90 
Fig. 20. Fig. 21. 


Fig. 20 and 21. — Elimination of perorally administered methanol from the 
blood. Fig. 20: @ — @ 3.8 g of methanol per kg; 0 — 0 2.4 g of methanol 
per kg. Fig. 24: 0 — 0 1.6 g of methanol per kg; @ — @ 0.8 g of methanol 
per kg. 
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that the time from the administration of methanol to the full 
diffusion equilibrium varied from 5 to 10 hours, being apparently 
longer with the higher methanol concentrations. The curves then 
began to decline, the methanol concentration in the blood decreas- 
ing at first more rapidly, and then more slowly at the lower 
concentrations. The shape of the curves is therefore hyperbolic. 
The elimination rate at the higher blood concentrations was about 
0.00110 —0.00080 mg per ml per minute and at the lower concen- 
trations 0.00035 —0.00050 mg. 

In the experiments presented in figure 21 methanol doses from 
0.8 to 1.6 g per kg of body weight were administered per os. The 
hyperbolic shape of the curves was still seen when 1.6 g per kg 
were administered, the elimination rate being at the higher blood 


| concentrations 0.00135—0.00075 mg per ml per minute and at the 


lower concentration 0.00042—0.00035 mg. With a dose of 0.8 g 
per kg the deviation of the curve from linearity was very small 
in most cases and the curves may very well be treated as linear. 
In these experiments the elimination rate thus was constant and 
about 0.00040 mg per ml per minute in most cases. 

The shape of the curves varied considerably during the first 
10 hours after administration. These variations were in all proba- 
bility due to differences and disorders in resorption caused by 
the relatively high concentration of the administered alcohol. 

To avoid these variable resorption factors affecting the elimi- 
nation curves, experiments were also made where the methanol 
diluted with physiological sodium chloride solution was adminis- 
tered intravenously to altogether 12 rabbits. The doses used were 
0.8 g and 0.2 g per kg. Some of the results are presented in figures 
22 and 23. The deviation from linearity is not notable at these 
low dosage levels. The elimination rate was about 0.00046 and 
0.00038 kg per ml per minute at dose levels 0.2 g and 0.8 g per kg, 


| respectively. No differences are observed in the curves when the 


methanol was administered either perorally or intravenously, with 
the exception of the aforementioned variation in resorption during 


the first 5 to 10 hours. 


Formaldehyde determinations were made on all blood samples 


~ but no values above blanks were obtained in any of these ex- 


periments, indicating that no formaldehyde accumulated in the 
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Fig. 22. Fig. 23. Hours e 


Fig. 22 and 23. — Elimination of intravenously administered methanol 
from the blood. Fig. 22: 0.8.g of methanol per kg. Fig. 23: 0.2 g of methanol t=tim 


alcoho 
blood after the administration of methanol in doses up to 3.8 g 8 per 


per kg. An experiment was also made in which 5.0 g of methanol | ane 
per kg of body weight was administered per os and the blood m6 pe 


analysed for formaldehyde 5, 10, 15, 20 and 30 hours later. No Itis 
formaldehyde could be demonstrated, however, in any of the nel 
samples. hetwee 

The transitory increase in the blood concentration of methanol When 
seen 4 to 6 hours after the administration of methanol to rabbits mal the 
by Bitpsten (1924) and BERNHARD and GOLDBERG (1933) was | per ml 
not present in these experiments. The small rises which were 
found at this time in some curves were of about the same mag- = 
nitude as the fluctuations generally seen in the curves. 

In table 19 are collected all the observed values for the elimina- The 
tion rate of methanol from the blood of rabbits at dosage levels | jp 43 , 
of 0.8 g per kg and lower. These values correspond to the constant The 
f in the following well known equation of Wipmark (1922): ' metha 

A =pr(c, + ft), When 

where A=administered amount of alcohol, in g, p=body weight, 48 a 

in kg, r=individual factor for reduction of body weight to the part f 3 Se 

which is in equilibrium with blood in regard to the distribution —. 
wide 


of alcohol, c,=concentration of alcohol at time t, in mg per g, 
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TABLE 19 


Elimination rate of methanol from the blood in rabbits 
The values for 8 are computed by the method of least squares. 


bbit | Dose of B Dose of B 
| methanol gperml |Rabbit No.| methanol g per mi 
| gperkg per minute g per kg per minute 
1 | 0.8 per os | 0.000368 5 | 0.8 iv. | 0.000380 
2 | 0.8 per os 0.000393 6 0.8 iv. 0.000372 
3 0.8 per os | 0.000429 24 0.8 iv. 0.000426 
4 | 0.8 per os 0.000443 28 0.8 iv. | 0.000411 
13 0.8 per os | 0.000496 35 0.8 iv. | 0.000388 
16 0.8 per os | 0.000373 44 0.8 iv. | 0.000462 
17 0.8 per os | 0.000468 48 0.8 iv. | 0.000453 
8 | O2iv. | 0.000479 49 0.8 iv. | 0.000388 
9 0.2 iv. 0.000369 51 0.8 iv. | 0.000457 
12 0.2 iv. 0.000392 | 
52 | «(02.2 iv. 0.000420 


t=time after administration, 6=constant of the rate at which 
alcohol disappears from the blood after equilibrium, in mg per 
g per minute. In this study the blood methanol concentrations 
are not calculated according to WipMARK as mg per g but as 
mg per ml of blood. 

It is seen from table 19 that the elimination rate at this low dosage 
level was 0.00042 + 0.00004 mg per ml per minute. No differences 
between peroral and intravenous administration were observed. 
When the blood methanol concentration was 2500 to 800 wg per 
ml the elimination rate varied between 0.00200 and 0.00070 mg 
per ml per minute, being on an average 0.00120 (9 observations). 


EFFECT OF ETHANOL ON THE ELIMINATION OF METHANOL 
FROM BLOOD 


The effect of ethanol on the elimination of methanol was studied 
in 13 rabbits. 

The results of experiments in which a mixture of ethanol and 
methanol was administered per os are registered in figure 24. 
When the dose of methanol was 1.6 g per kg and the ethanol 
was administered simultaneously in doses from 0 to 1.6 g per kg 
it is seen that after some 15 hours the elimination rates were equal 
in all the experiments. During the resorptive phase there were 
wide fluctuations of the values, especially in the experiments where 
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Fig. 24. — Effect of ethanol on 
the elimination of methanol from 
the blood when both are adminis- 
tered perorally. O—O 1.6 g of 
methanol per kg + 1.6 g of ethanol 
per kg; ®—®©® 1.6 g of methanol 
per kg + 1.2 g of ethanol per kg; 
©-—© 1.6 g of methanol per kg 
+ 0.8 g of ethanol per kg; @ —@ 
80 Hours 1.6 g of methanol per kg. 


both ethanol and methanol were administered. However, it is 
readily seen that when ethanol also was administered the methanol 
concentration tended to show high values for a longer time before 
the decline set in. Consequently the blood concentration of meth- 
anol in the latter part of the experiments was higher in the ethanol- 


treated animals and was correlated to the amount of administered 


ethanol. 

In order to avoid the resorption factors which influence the 
shape of the first part of the elimination curves the alcohols were 
also administered intravenously (figure 25). To facilitate injection 
the dose of methanol was rather small in these experiments, namely 
0.2 and 0.4 g per kg of body weight. It was administered simultane- 
ously with 0.8 g of ethanol per kg in 10 ml of physiological saline. 


Fig. 25. — Effect of ethanol on 
the elimination of methanol from 
the blood when both are adminis- 
tered intravenously. @ — @ (upper 
curve) 0.4 g of methanol per kg + 
0.8 g of ethanol per kg; 0—0O 
0.2 g of methanol per kg + 0.8 g 

| | of ethanol per kg; @ — @ (lower 
5 curve) 0.2 g of methanol per kg. 
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A control curve for 0.2 g of methanol given intravenously without 
ethanol is also presented for comparison. The retarding effect of 
ethanol on the elimination of methanol is seen very clearly at 
both dosage levels of methanol. The duration of this effect was 
about the same in both cases, i.e., about 4 to 5 hours. After 
this time the elimination rate was identical in both experiments 
and the same as in the experiments made without ethanol. 

If the ethanol was administrated 10 hours after the adminis- 
tration of methanol, the retarding effect came out very distinctly. 
In the experiment presented in figure 26, 0.8 g of methanol per 
kg was administered intravenously, followed 10 hours later by 
2.0 g ethanol per kg per os. During the following 15 hours the 
elimination of methanol was very low, but thereafter the decline 
of the methanol concentration in the blood continued at the same 
rate as before the administration of ethanol. 

It was not possible to demonstrate any formaldehyde in these 
blood samples. 

CH,OH 


1000 
¥g 


Fig. 26. — Effect of ethanol on the 
elimination of methanol from the blood LU 
when administered 10 hours after metha- 
nol. Dose: 0.8 g of methanol per kg 200} 
intravenously, followed 10 hours later by 

2.0 g of ethanol per kg perorally. 


EFFECT OF DISULFIRAM ON THE ELIMINATION OF METHANOL! 
FROM BLOOD 


The effect of disulfiram was studied in 12 rabbits. In the 
experiments recorded in figure 27, 0.7 g ot disulfiram per kg was 
given per os one hour before the administration of methanol. The 
dose of methanol was 0.8 g per kg perorally. The administration 
of disulfiram retarded the elimination of methanol from the blood 
very distinctly, and the blood methanol concentration curve which 


1 A preliminary report of some of these results has been published 
elsewhere (KoIVUSALO 1956). 
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normally at this dosage level was practically linear became slightly 
hyperbolic. Following the administration of disulfiram, methanol 
was still detectable in the blood 100 hours after administration, 
although normally the blood was free from methanol about 35 —45 
hours after administration of this amount of methanol. 

Disulfiram apparently affects also the resorption of methanol. 
The methanol concentrations in the blood some three hours after 
the administration of methanol were clearly higher in the disul- 
firam-treated rabbits. This may be due to the fact that there 
was still much unresorbed disulfiram left in the digestive tract 
when an about 15 per cent solution of methanol was given. When 
methanol was given intravenously this effect was not seen. 

When 0.8 g of disulfiram per kg was given per os without the 
subsequent administration of methanol, no effect was seen in 
the blood methanol determinations, which did not differ signif- 
icantly from the blank values. 

Results similar to the above were obtained when 1.6 g of methanol 
per kg was administered perorally to rabbits which 1 hour earlier 
had received 0.7 g of disulfiram per kg (figure 28). 

When the methanol was given intravenously the blood methanol 
concentration curve had a somewhat different appearance (figure 
29). In this experiment 1.0 g of disulfiram per kg had been 
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Fig. 27 and 28. — Effect of disulfiram on the elimination from the blood 

of perorally administered methanol. Fig. 27: 0 — 0 0.7 g of disulfiram per kg, 

followed 1 hour later by 0.8 g of methanol per kg; @ — @ 0.7 g of disulfiram 

per kg alone. Fig. 28: 0.7 g of disulfiram per kg followed 1 hour later by 1.6 g 
of methanol per kg. 


82 


0 


1000 
200) 
0 
Fig. 
of int 
| follow 
firam 
of dis 
| admi 
| elimi 
| disul 
in sc 
| hour: 
maxi 
olis 
and t 
CH,OH expe 
22 | 
m the 
the 
W 
aco} admi 
seen 
on wise 
to 0. 
Al 
this 
| No f 
|_| 


anol | 
ion, 
—45 mi 
nol. 
fter 
lere 0 20 40 60 60 80 Hours 
act | Fig. 29. 
hen Fig. 29 and 30. — Effect of disulfiram on the elimination from the blood 
of intravenously administered methanol. Fig. 29: 1.0 g of disulfiram per kg 
the | followed 1 hour later by 0.8 g of methanol per kg. Fig. 30: )—© 1.0 g of disul- 


in firam per kg, followed 12 hours later by 0.8 g of methanol per kg; O—O 0.3 g 
of disulfiram per kg, followed 12 hours later by 0.8 g of methanol per kg. 


nol | administered 1 hour earlier per os. During the first ten hours the 


ier elimination rate of methanol was nearly the same as without 

disulfiram, but after this time it was very greatly retarded and 
101 in some experiments was very near zero during some 10—20 
ire | hours. According to JAcoBsEN and Larsen (1949) the 
en maximum effect of a single disulfiram dose on the ethanol metab- 


olism begins 12—18 hours after the administration of disulfiram 
and the effect is very small during the first 5 hours. In the present 
experiments disulfiram was given 1 hour before methanol, so that 
the time which passed until the maximum effect of disulfiram on 
the methanol metabolism was reached corresponds very well with 
the data given by Hatp ef al. (1949) for ethanol metabolism. 
| When the disulfiram was given 12 hours before the intravenous 
| administration of methanol (figure 30) the retarding effect was 


|| Seen immediately after the administration of methanol, but other- 
“26 vl wise the results were similar. If the dose of disulfiram was reduced 
to 0.3 g per kg no effect on the metabolism of methanol was seen. 
All the blood samples taken in the experiments presented in 
‘ this section were also analysed for the presence of formaldehyde. 
m No formaldehyde, however, was detectable in any of the samples. 
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EXCRETION OF Formic ACID AND METHANOL IN THE URINE oF 
RABBITS AFTER ADMINISTRATION OF METHANOL 


The excretion of formic acid and methanol in the urine was 
determined in 13 rabbits after administration of methanol. The 
normal excretion of formic acid was first determined in the same 
rabbits. The experimental period during which the urine was 
collected was 3 days before and 3 days after the administration 
of methanol. The collection of urine was made in metabolic cages 
and the urine specimens were kept at —18° until determinations 
were made. The excretion is calculated in mg per 24 hours. 

The mean normal urinary excretion of formic acid was in these 
rabbits 4.8 mg per 24 hours. The individual variations were great, 
the values ranging from 0.8 to 18.5 mg per 24 hours (table 20). 


TABLE 20 
Excretion of methanol and formic acid in the urine 

; | 3 

Dose of ethanol 42s 

| SR es o 
1 72 | 0.8 peros| 1.98 | 0.20 | 12.4 9.2 

2 72 |0.8 peros| 2.00 | 0.10 5.3 3.7 

3 72 |0.8 peros| 1.92 | 0.15 | 14.4 | 18.5 

4 72 | 0.8 iv. 2.28 | 0.19 0.7 1.0 

5 72 11.6 peros| 4.19 | 0.38 | 10.3 6.3 

6 | 0.8g per kg ethanol 72 |0.8 peros| 2.10 | 0.18 3.2 1.4 

7 | 0.8g per kg ethanol 72 | 0.8 peros| 2.30 | 0.21 4.2 2.2 

8 | 2.4g per kg ethanol 72 |0.8peros| 2.00} 0.32 | 86/ 11.1 

9 | 24g per kg ethanol 72 |0.8 peros| 1.80 | 0.23 23 0.9 

10 | 0.7g per kg disulfiram| 96 | 0.8 peros| 2.12 | 0.48 14 1.7 
11 | 0.7g per kg disulfiram| 96 | 0.8 peros| 1.88 | 0.28 3.1 0.8 
12 | 0.7g per kg disulfiram| 96 | 0.8 iv. 2.10 | 0.40 2.4 1.6 
13 | 0.7g per kg disulfiram| 96 | 0.8 iv. 2.00 | 0.55 6.8 4A 


When methanol was administered in doses of 0.8—1.6 g per 
kg, no significant increase in the urinary excretion of formic acid 
was found (table 20, experiments 1—5). About 8 per cent of the 
administered methanol was excreted as such in the urine. 

Effect of Ethanol and Disulfiram. — Administration of ethanol 
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to rabbits in doses of 0.8—2.4 g per kg simultaneously with 0.8 g 
of methanol per kg did not have any significant effect on the 
urinary excretion of formic acid (table 20, experiments 6—9). 
Slightly more methanol was excreted in the urine of the rabbits 
which also received ethanol, as compared to the rabbits which 
were given methanol alone. 

Rabbits treated with 0.7 g of disulfiram per kg before the 
administration of 0.8 g of methanol per kg excreted also about 
the same amount of formic acid in the urine as they had done 
under normal conditions (table 20, experiments 10—13). However, 
the excretion of methanol in the urine was markedly increased, 
being about 25 per cent of the administered amount. The urine 
was collected during 4 days after the administration of disulfiram. 


DISCUSSION 


The elimination rate of methanol from the blood of rabbits in 
the present experiments was higher when the blood methanol 
concentration was high than when it was low. At concentrations 
less than about 800 wg of methanol per ml the deviation of the 
elimination curve from linearity was so small that when the 
fluctuations in the single values are also considered the curve 
can be treated as essentially linear. 

There has been much disagreement in former investigations 
concerning the elimination of methanol from the blood. It was 
stated by BitpsTEN (1924), WipMarRK and BILpsTEN (1924) and 
BERNHARD and GOLDBERG (1933) that the elimination rate is 
constant and not proportional to the concentration of methanol 
in the blood. Linear elimination of methanol has been dem- 
onstrated also in dogs by Nerymark (1936). The methanol 
elimination curves presented by Nictoux and Pracer (1912) 
for dogs and rabbits were also practically linear. According to 
HaGGARD and GREENBERG (1939) the elimination rate of methanol 
is proportional to its concentration in the blood and also to the 
volume of pulmonary ventilation, and the elimination curve is 
correspondingly exponential. Exponential methanol elimination 
curves have been obtained for rabbits by AGNER and BELFRAGE 
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(1947), who used the specific chromotropic acid method for the 
determination of methanol. 

Similar confusion is also to be seen in the literature concerning 
the elimination of ethanol (see e.g., JACOBSEN 1952 a, b, MARSHALL 
and Fritz 1953). In the case of ethanol, however, the rectilinear 
elimination down to the lower limit of Wipmarxk’s method, 
0.01 per cent, has been rather well established (NEYMARK and 
Wipmark 1942, JacoBsEN 1952a,b), and also the enzymic 
kinetics of pure horse liver alcohol dehydrogenase are in accord 
with the rectilinear elimination (THEORELL and BoNNICHSEN 
1951). 

The elimination rate of methanol from the blood of rabbits 
was somewhat lower in the present study than in the experiments 
of AGNER and BELFRAGE (1947), the values being 0.00042 and 
0.00060 mg per ml per minute respectively at the lower blood 
methanol level under 800 wg per ml, and 0.00120 and 0.00170 
when the blood methanol concentration was 2 500—800 ug per ml. 
This difference, however, is not so great that it could not be 
explained on the basis of such possible factors as differences in 
the breed of the rabbits and in their diet and the general con- 
ditions. The rabbits used in the present study were rather old, 
being about 21/, to 3 years of age, although in a good physical 
condition. The values obtained by BiLpsTENn’s (1924) bichromate 
method were still higher than those of AGNER and BELFRAGE 
(1947), being about 0.00070—0.00080 mg per g per minute 
(BILDSTEN 1924, WipMarK and BILpsTEN 1924, BERNHARD and 
GOLDBERG 1933). 

The administration of ethanol simultaneously with methanol 
or during its elimination clearly retarded the elimination of 
methanol from the blood in these experiments. This agrees well 
with the competitive inhibition of the utilization of methanol by 
ethanol which was observed in the liver and kidney homogenates. 

When the dose of ethanol was 0.8 g per kg, its effect lasted 
about 4—5 hours. According to OLow (1924) the elimination 
rate of ethanol from the blood is 0.0042 mg per g per minute 
in rabbits. If we use this constant and assume a similar distribution 
of methanol and ethanol in these rabbits, the administered 0.8 g 
of ethanol per kg was metabolized within 3—4 hours. When the 


86 


dose 
about 
in 
until | 
not gr 
Calcul 
simila 
experi 
LEAF 
urine 

The 
also r 
in wh 
to tw 

The 
increa 
This i 
conce 
excret 
levels 
of me 

Dis 
huma 
and it 
This : 
acetal 
and 
Lars! 
on ra 
much 
of etl 
dehy« 
has ls 
dog ( 
1954) 
JACco! 
Fusn 

Alt 


| 
| 
| 
| 
| 
| 


ll 


dose of ethanol was 2.0 g per kg, the retarding effect lasted for 
about 12 hours, and this amount of ethanol thus was metabolized 
in 8—10 hours. The retarding effect thus lasted approximately 
until the ethanol was metabolized, assuming that methanol does 
not greatly affect the oxidation of ethanol at these dosage levels. 
Calculations based on the results of the other experiments gave 
similar results. These results are well in accord with the isotope 
experiments of BARTLETT (1950 b) and with the experiments of 
LeaF and ZaTMAN (1950) on the excretion of methanol in the 
urine after administration of ethanol and methanol. 

The elimination of methanol from the blood of rabbits was 
also retarded in the experiments of AGNER and BELFRAGE (1946), 
in which they administered ethanol and methanol simultaneously 
to two rabbits. 

The total excretion of methanol in the urine was slightly 
increased in the experiments in which also ethanol was given. 
This increase was due to the slower decrease in the blood methanol 
concentration in these cases. The absolute increase in the urinary 
excretion of methanol was, however, so small at these low dosage 
levels of ethanol that it had no significance in the elimination 
of methanol. 

Disulfiram (tetraethylthiuram disulphide, antabuse) sensitizes 
human subjects to ethanol (HALD, JAcoBsEN and LarRsEN 1948) 
and it has been widely used in the therapy of chronic alcoholism. 
This sensitizing effect has been shown to be due to an increased 
acetaldehyde content in the blood after the intake of disulfiram 
and ethanol (HaLp and JacopsEN 1948, AsmussEN, and 
LaRSEN 1948). LARSEN (1948) studied also the effect of disulfiram 
on rabbits in combination with ethanol. He found five times as 
much acetaldehyde in the blood as was seen after the same dose 
of ethanol given to untreated rabbits. An increased blood acetal- 
dehyde concentration after the intake of disulfiram and ethanol 
has later been found in all animal species investigated, including 
dog (NEWMAN and PeEtzoLtp 1951), rat (GAL and GREENBERG 
1954), pigeon (Nowr1nski and Ewine 1953) and rabbit (Hap, 
JACOBSEN and Larsen 1949, CarraTALA 1950, CzyzyK 1956, 
Fugtwara 1953). 

Although there are numerous studies on the effect of disulfiram 
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on the metabolism of ethanol in vivo, practically nothing is 
known of its effects on the metabolism of methanol. Disulfiram 
has been reported to increase the acute toxicity of methanol and 
formaldehyde to mice (GiLGER, Potts and JOHNSON 1952, Owe- 
Larsson and Skxoc 1951), which speaks in favour of a similar 
effect of disulfiram on the metabolism of methanol and ethanol. 

If the effect of disulfiram on the metabolism of methanol were 
analogous to its effect on the metabolism of ethanol, there should 
occur an accumulation of formaldehyde in the blood of rabbits 
treated with disulfiram and methanol. No formaldehyde, however, 
could be demonstrated in such cases in the present investigation. 
However, formaldehyde is a very reactive compound and could 
have been partly bound to proteins or other substances or metab- 
olized via other routes not sensitive to disulfiram. The oxidation 
of methanol to formaldehyde is also a very slow process, especially 
in disulfiram-treated rabbits, in comparison to the oxidation of 
ethanol, and therefore the formaldehyde possibly formed may 
have been totally metabolized via the possible disulfiram- 
insensitive routes. 

Although no formaldehyde was accumulated in the present 
experiments in the blood of rabbits treated with disulfiram and 
methanol, disulfiram in doses of 0.7 g per kg or more retarded 
markedly the elimination of methanol from the blood. The 
elimination rate of methanol was near 0 for 10—20 hours in many 
experiments, and even this slight elimination might be entirely 
accounted for by excretion in the expired air and in the urine. 

Moderate doses of disulfiram do not affect the elimination rate 
of ethanol in humans, dogs or rabbits (HALp ef al. 1948, New- 
MAN and Petzotp 1951, LARSEN 1948, Fusrtwara 1953). How- 
ever, the rate was retarded in some of the disulfiram-treated 
dogs (NEwMaAN and Petzotp 1951). It was demonstrated by 
Hap et al. (1949) that when the amount of disulfiram resorbed 
exceeded 1 gram the ethanol elimination rate was below normal 
in rabbits and could be as low as zero. Increasing amounts up 
to 1 gram of disulfiram resorbed by the animal resulted in 
increasing amounts of acetaldehyde in the blood. Although no 
determinations of the amount of resorbed disulfiram were made 
in the present experiments, the doses of 0.7 g per kg or more were 
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so high that more than 1 g of disulfiram should have been resorbed 
by the animals. Thus the effect of disulfiram on the elimination 
rate of methanol is similar to its effect on the elimination rate 
of ethanol. 

The increase in the total urinary excretion of methanol when 
also disulfiram was given was due to the persistence of high blood 
methanol concentrations in these animals. Apparently also the 
total elimination of methanol in the expired air was higher in the 
case of disulfiram-treated rabbits than in controls. 

The excretion of formic acid in the urine of rabbits after the 
administration of methanol showed in the present experiments 
no difference from the normal excretion, which also was rather 
low. This is in accordance with the earlier studies of BastruP 
(1947) and Lunp (1948 a, b). The administration of ethanol or 
disulfiram had no effect in the present experiments on the urinary 
excretion of formic acid in the methanol-treated rabbits. 
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GENERAL DISCUSSION 


Methanol can be metabolized in animal tissues in vivo, as well 
as in vitro in homogenates and slices, as is demonstrated in the 
present experiments. Formaldehyde is an intermediate in these 
reactions, and is partly accumulated in the reaction mixture in 
the in vitro experiments but in vivo is presumably metabolized 
as rapidly as it is formed. 

The long delaying of methanol in the organism after ad- 
ministration, in contrast to ethanol, has been recognised for many 
years. A part of the ingested methanol is excreted as such in 
the expired air and the urine and the rest is slowly oxidized to 
formaldehyde and formic acid. These are oxidized further to 
carbon dioxide and water but the organism can also use them 
in synthetic reactions, as, for instance, in the formation of labile 
methyl groups and thus in the synthesis of methionine, choline, 
creatine, thymine and adrenaline. The carbon atom of formal- 
dehyde or formic acid can also be incorporated into serine and 
purines. In addition to these one-carbon group reactions, formal- 
dehyde has also other possibilities to react in the intermediary 
metabolism. It can condense with various substances and then 
be metabolized further, give rise to ribose, etc. The carbon atom 
of methanol thus has many different pathways in the metabolism. 
However, it is probable that the greater part of the administered 
methanol which is utilized in the organism is directly oxidized 
to carbon dioxide and water and that only a relatively small 
part is incorporated into other compounds (BARTLETT 1950 a). 

It has been suggested that most of the ingested methanol is 
eliminated in the expired air and that oxidation in the organism 
plays only a minor rdle in the elimination of methanol (HAGGARD 
and GREENBERG 1939). However, it is very difficult to explain 
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the marked retardation of the elimination of methanol from the 
blood of rabbits treated with disulfiram or ethanol if the excretion 
via the lungs is regarded as the main elimination mechanism of 
methanol. The results of the experiments with isotope-labelled 
methanol are also against this view (BARTLETT 1950 a, HEvEsy 
1954). When the blood methanol concentration is high, the ex- 
cretion of methanol in the expired air and in the urine may, 
however, be considerable and may partly be responsible for the 
greater elimination rate observed at the higher blood methanol 
concentrations. 

We do not exactly know at present which enzymes are respons- 
ible for the oxidation of methanol to carbon dioxide and water 
in vivo. Both catalase and alcohol dehydrogenase are implicated 
in the oxidation of methanol to formaldehyde. Although catalase 


_ is capable of catalysing coupled oxidations of methanol in vitro, 
_ its participation to any great degree in the oxidation of methanol 


in vivo is not very likely. Crystalline horse liver alcohol de- 
hydrogenase does not catalyse the oxidation of methanol 
(THEORELL and BoNNICHSEN 1951), but less purified liver alcohol 
dehydrogenase preparations are able to oxidize methanol to 
formaldehyde (LUTWAK-MANN 1938, ZATMAN 1946, KorvusaLo 
unpublished observations). Partially purified alcohol dehydrog- 
enase preparations from horse liver can also reduce diphospho- 
pyridine nucleotide in the presence of methanol, although at only 
one-eighth of the rate of this reaction in the presence of ethanol 
(KorvusaLo unpublished observations). 

The oxidation of formaldehyde can be catalysed in vivo by 
the different aldehyde oxidizing enzymes, possibly for the greater 
part by the specific formaldehyde dehydrogenase (StRITTMATTER 
and Bai 1955). It also may first be condensed with other sub- 
stances and then oxidized. The direct oxidation, however, seems 
more likely in vivo. In the present experiments in which formal- 
dehyde was readily utilized in animal tissue homogenates, 
disulfiram caused only a slight inhibition of this utilization. This 
speaks somewhat against the participation in this reaction of 
the aldehyde-oxidizing enzymes such as xanthine oxidase, 
aldehyde dehydrogenase, aldehyde oxidase and d-glyceraldehyde- 
3-phosphate dehydrogenase, which are all inhibited by disulfiram 
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(KsELDGAARD 1949, RicHERT, VANDERLINDE and WESTERFELD 
1950, GRAHAM 1951, NyGAARD and SUMNER 1952). We have no 
knowledge of the sensitivity of the specific formaldehyde de- 
hydrogenase to disulfiram. Neither did the administration of 
disulfiram cause any accumulation of formaldehyde in the blood 
after the intake of methanol in the in vivo experiments, 
Formic acid formed from the formaldehyde is then oxidized 
to carbon dioxide and water by coupled oxidations catalysed by 
catalase or by a specific formicodehydrogenase. The existence of 
the latter enzyme in the animal organism is not certain, however. 
In the present experiments, ethanol inhibited competitively the 
utilization of methanol in liver and kidney homogenates and 
retarded the elimination of administered methanol from the blood 


of rabbits. These results are readily explained if we assume that | 


alcohol dehydrogenase is responsible for the oxidation of methanol 
and that the affinity of ethanol to the enzyme is much greater than 
that of methanol. In the case of catalase the explanation is difficult, 
unless we assume that ethanol inhibits the enzymes forming 
hydrogen peroxide. Disulfiram inhibited also the utilization of meth- 
anol in liver homogenates and retarded its elimination from the 
blood in rabbits. In this case a general metabolic inhibition may 
also be responsible for the effect of disulfiram. Crystalline alcohol 
dehydrogenase is not inhibited by disulfiram (KsELDGAarRD 1949), 
but many of the flavoproteins which can function as aerobic 
oxidases and form hydrogen peroxide are inhibited by disulfiram. 

There is at present no evidence that methanol might occur as 
an intermediate innormal metabolism. The small amounts of meth- 
anol which have been recovered from normal human urine are 
probably derived from the pectins in the food, which may contain 
up to 12 per cent methanol (von FELLENBERG 1917, JANSCH 1924). 
On the other hand, formaldehyde or its near derivatives can be 
regarded as normal metabolites in the animal organism. 

The purpose of this investigation has been to give a general 
picture of the metabolism of methanol and formaldehyde in the 
animal organism both in vivo and in vitro. To obtain detailed 
information on the individual enzymes which catalyse these 
reactions further studies are required, using purified enzyme 
systems and methanol and formaldehyde as substrates. 
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SUMMARY 


The purpose of this investigation was to study the metabolism 
of methanol and formaldehyde in the animal organism. In the 
in vitro experiments the utilization of methanol and accumulation 
of formaldehyde were studied in rat and guinea pig tissue prepa- 
rations incubated aerobically with methanol at 37°. The optimum 
conditions for these reactions were determined and the effect of 
added metabolic cofactors and inhibitors was investigated. The 
effect of ethanol and disulfiram was also studied. Most of the 
experiments were made with liver homogenates, but tissues other 
than liver were also used. Experiments were also made with tissue 
slices. The utilization of added formaldehyde was investigated in 
tissue homogenates. In the in vivo experiments the elimination 
of administered methanol from the blood was followed in normal 
rabbits and in rabbits treated with ethanol or disulfiram. 

The determinations of methanol and formaldehyde were made 
by photometric methods based on the chromotropic acid reaction, 
and a method for the simultaneous determination of formaldehyde 
and methanol in the reaction mixtures was worked out. 

Rat and guinea pig liver homogenates readily utilized methanol 
when incubated aerobically at 37°. Of the methanol utilized during 
any period of time 5—20 per cent was recovered from the reaction 
mixture as formaldehyde. No effect was seen when boiled homog- 
enates were used. The utilization of methanol was most rapid 
during the first 30 minutes of incubation and also the accumulation 
of formaldehyde was then greatest. Later, when less methanol 
was utilized, the amount of accumulated formaldehyde gradually 
diminished. The optimum pH range for the aerobic utilization of 
methanol in liver homogenates was 7. 3—8. 3 and the accumulation 
of formaldehyde was parallel with the utilization of methanol. 
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Only small amounts of methanol were utilized anaerobically and 
no formaldehyde was then accumulated. Ageing of the homogenate 
at +2° for 12 hours increased the accumulation of formaldehyde 
without causing any difference in the utilization of methanol. 
Storage at —18° for 48 hours had no effect. 

Liver tissue homogenates were most active in the utilization 
of methanol. Homogenates from kidney, spleen, lung, testis and 
heart muscle tissues also utilized methanol, the activity diminish- 
ing in the above order. Homogenates from skeletal muscle and 
brain showed no activity. Guinea pig tissues utilized generally 
less methanol than rat tissues but no qualitative differences be- 
tween them was noted. 

The utilization of methanol in liver homogenates was inhibited 


73 per cent by 0.01 M monoiodoacetate and the accumulation | 


of formaldehyde diminished by 43 per cent. Corresponding values 


for 0.050 M malonate were 83 and 100 per cent, and for 0.005 M | 


cyanide 90 and 100 per cent. Disulfiram, 0.25 mg per ml, inhibited 
the utilization of methanol in liver homogenates by about 60 per 
cent, and the accumulation of formaldehyde diminished by about 
20 per cent. 

Added diphosphopyridine nucleotide, adenosine triphosphoric 
acid, diphosphothiamine, reduced glutathione, cytochrome c and 
Mg++ ions had no clear effect on the utilization of methanol 
and accumulation of formaldehyde in liver homogenates. In ho- 
mogenates from lung and heart muscle tissues the addition of 
adenosine triphosphoric acid and diphosphopyridine nucleotide 
together increased both the utilization of methanol and the accu- 
mulation of formaldehyde. The addition of pteroylglutamic acid 
and adenosine triphosphoric acid together decreased the accumu- 
lation of formaldehyde from methanol in liver homogenates. 
The addition of vitamin B,, had no effect. 

Ethanol inhibited competitively the utilization of methanol in 
liver and kidney homogenates and diminished also the accumu- 
lation of formaldehyde. The inhibition was seen when the molar 
ratio of ethanol to methanol was 1: 2 or more. 

Liver slices utilized methanol at about the same rate as liver 
homogenates. The accumulation of formaldehyde in the slices was 
smaller than in homogenates. 
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Homogenates from liver, kidney and lung tissues utilized added 
formaldehyde, the activity decreasing in the above order. Disul- 
fram had only a slight inhibitory effect on the utilization of 
formaldehyde in liver homogenates. Added ethanol had no effect 
on the utilization of formaldehyde in liver homogenates. Added 
methanol diminished the utilization of added formaldehyde, and 
vice versa. 

The elimination of methanol administered perorally and intra- 
venously in doses of 0.23.4 g per kg was followed in rabbits. 
The elimination rate of methanol from blood was about 0.00042 mg 
per ml per minute at blood methanol concentrations of less than 
about 800 ,g per ml, and about 0.00120 at blood methanol 
concentrations of 2 500—800 ug per ml. When ethanol was ad- 


| ministered simultaneously with methanol or during its elimination, 


the elimination of the latter from the blood was retarded for a 
time roughly corresponding to that required for the metabolization 
of the administered ethanol. 

Disulfiram administered perorally 1—12 hours before methanol 
in doses of 0.7—1.0 g per kg retarded distinctly the elimination 
of methanol from the blood. No effect was seen after 0.3 g of 
disulfiram per kg. 

No formaldehyde was detected in the blood of rabbits adminis- 
tered either methanol, methanol and ethanol, methanol and 
disulfiram, or disulfiram alone. 

The administration of methanol in the above doses did not 
increase the excretion of formic acid in the urine. About 8 per 
cent of the administered methanol was recovered from the urine. 
Administration of ethanol or disulfiram in addition to methanol 
increased the excretion of methanol in the urine. They had no 
effect on the excretion of formic acid. 

The results obtained and their correlations as well as the metab- 
olism of methanol and formaldehyde in the animal organism in 
general are discussed. 
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